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Abstract 
This dissertation examines the relationship between colloidal microstructural properties 
and structural color, to guide the design of optical materials. Colloidal microstructures can interact 
with light to produce structural color, which is not prone to environmental degradation. The high 
stability of structural color provides great potential for optical applications such as coatings and 
displays. Previous studies in structural color from colloidal systems have primarily focused on 
controlling structural color wavelength by changing the dielectric periodicity of the material. 
However, the connection between colloidal microstructural properties and structural color 
reflectivity – particularly its magnitude – remains unclear. In this dissertation, we systematically 
and quantitatively investigate the effects of crystal thickness, defect density and structure, 
irregularity of particle size, and particle shape on structural color by experiment and simulation. 
The relationships can be applied to designing novel materials with tailored structural color 
properties. 
First, we report how film thickness, defect density, and defect type in colloidal crystals 
quantitatively affect their structural color reflectivity. Colloidal crystals with different thicknesses 
are fabricated by self-assembling monosized polystyrene microspheres via solvent evaporation. 
We find that the structural color reflectivity increases as a function of the crystal thickness, until a 
plateau is reached at 78.8 ± 0.9%. We also model crystals via molecular dynamics and simulate 
their reflection spectra by the finite-difference time-domain method. The simulation results show 
 xiii 
that the reduction in reflectivity scales with increased defect density and that stacking fault 
tetrahedra are most efficient in disrupting structural color. These findings can guide the efficient 
design of structural color materials and support defect engineering in colloidal crystals. 
Second, we evaluate the role of irregular-sized spherical particles in determining crystal 
quality and structural color reflectivity. By evaporative self-assembly and molecular dynamics 
simulation, we control the volume fraction of irregular-sized particles – by choosing particles that 
are either larger or smaller than the base colloids comprising the self-assembled crystals. Then we 
quantify crystal quality from analysis of diffraction patterns obtained by Fast Fourier transform of 
the scanning electron microscope images. We find that small irregular particles are more 
detrimental to crystal quality and structural color reflectivity than large irregular particles. When 
incorporated with 10 vol% of irregular particles, the reflectivity of crystal films with large (small) 
irregular particles decreases by 18.4% ± 5.6% (27.5 ± 5.8%), and crystal quality reduced by 40.0 
± 4.5% (48.8 ± 6.0%).  This study can be applied to predict the level of irregular-sized particles 
that can be tolerated in structural color materials at a specified reflectivity. 
Finally, we explore the effect of particle anisotropy on structural color reflection from 
discoid packings. We prepare discoidal particles that vary in shape anisotropy and particle size by 
uniaxial compression of spheres. Discoids are self-assembled by evaporation into dense discoid 
packings, which exhibit non-iridescent structural colors. This coloration is a combination of 
backscattering and multilayer reflection. We find that the multilayer reflection displays 
progressively smaller peak height and broader bandwidth as the discoids become more anisotropic. 
In addition, Monte Carlo simulation is used to produce comparable discoid structures. The density 
profiles of the simulated structures in the wall-normal direction demonstrate that discoids with a 
higher shape anisotropy assemble into more disordered structures, which explains the less intense 
 xiv 
structural color. Our findings demonstrate that tunable geometries of discoids increase the 






1.1 Structural Color 
Color plays an important role in our daily life, especially its aesthetic and signal functions.  
To color materials, pigments or dyes are usually used to selectively absorb specific wavelengths 
of light to achieve coloration. However, colors from pigments or dyes fade out due to 
environmental degradation such as photobleaching and oxidation [1]. By contrast, some colors in 
natural creatures such as butterflies [2], beetles [3], and cephalopods [4] do not fade under long-
time sunlight exposure or at high temperatures. This kind of color, termed structural color, 
originates from the constructive interference of light on nanostructures units of creatures [5]. 
Structural color can be either iridescent or non-iridescent [6]. Iridescent structural color, which 
changes with viewing angle, is produced by a periodic nanostructure. For example, opals are close-
packed crystals of silica spherical nanoparticles [7]. Non-iridescent structural color also exists. An 
example would be the beetle A. graafi. whose coloration raises from random arrays of anisotropic 
chitin nanoparticles [8].  
Generally, the wavelength of iridescent structural color is determined by the Bragg 
equation [9], [10]: 
                                            𝑚𝜆 = 2𝑑!"#&𝑛$%%& − 𝑠𝑖𝑛&𝜃                                                (1) 
Where 𝑚 is the diffraction order, 𝜆 is the reflected wavelength of light, 𝑑!"# is interlayer spacing 
along the [ℎ𝑘𝑙] direction, 𝑛$%% is the mean refractive index of crystals (composed of nanoparticles 
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and medium), and 𝜃 is the angle of incident light relative to the normal. Thus, different structural 
colors can be achieved by varying viewing angles, interlayer spacing, or materials with different 
refractive indexes. 
 The unique optical properties of structural color offers great potential for a variety of 
applications such as long-lasting coatings [11]–[13], sensors [14], [15], inks [16], [17],        
anticounterfeiting patches [18], [19], filters [20], and displays [21]. Compared with pigments, the 
manufacturing of structural color materials involves less toxic chemicals and uses more 
biocompatible materials [22]–[24].  
 
1.2 Colloidal Particles and Self-Assembly 
To mimic nature’s strategies for structural color, scientists have synthesized colloidal 
particles that are analogues of biological building blocks. Colloids are microscopic particles 
ranging in size from 5 nm to 5 µm [25]. This range covers the length scales required for structural 
color – which is about half the wavelength of visible light, which ranges from about 380 nm to 
750 nm [26]. Some common colloidal materials include silica, polystyrene, and poly(methyl 
methacrylate), which are synthesized by different approaches such as hydrolysis of alkyl silicates 
[27], suspension polymerization [28], and dispersion polymerization [29]. Polymeric colloidal 
particles, consisting of entangled and crosslinked polymer networks, can be synthesized in both 
spherical and anisotropic shapes, which offers great potential for approaching the building blocks 
observed in nature. 
Colloidal particles can self-assemble into ordered structures by a variety of methods such 
as evaporation [9], electrophoretic deposition [30], sedimentation [31], and dipping deposition [32]. 
One of the simplest, most cost-effective, and widely used self-assembly methods is evaporation. 
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As the solvent evaporates, the capillary force drags the colloidal particles to form stable structures 
with the lowest surface energy [33],[34]. As a result, monodisperse spherical colloids pack into 
close-packed crystals with superior quality, which is the entropically favorable configuration [35]. 
Another significant advantage of evaporative self-assembly over other colloidal assembly methods 
is that it can produce very thick crystal film by tuning the volume fraction of particle suspension 
before evaporation.  
Recent studies have demonstrated that colloidal particles and evaporative assembly 
methods provide controllable ways to produce structural color with a specific wavelength. 
However, the correlations between structural color reflectivity and colloidal crystal quality remain 
unclear. For colloidal systems of anisotropic particles, their orientation freedom may favor more 
disordered structures [36]. Among experimentally accessible anisotropic particles, the discoid 
microstructure and its structural color are less understood. The tunable aspect ratio of the discoid 
particles can be potentially used as an additional parameter to develop structure color. 
 
1.3 Defects in Colloidal Crystals 
Most colloidal crystals in nature and artificial systems contain intrinsic defects, which are 
caused by non-ideal conditions during the self-assembly process [37],[38]. Some levels of defects 
also occur even under conditions of equilibrium self-assembly. Colloidal crystals produced from 
hard spheres are theoretically expected to form the face-centered-cubic (fcc) phase with a low 
defect density. However, the very small difference between hexagonal close-packed (hcp) 
packings and fcc packings results in polycrystalline structures, which contain some planar faults 
[39], [40]. Moreover, irregularly sized particles introduced into the system by contamination or 
due to polydisperse particles produced during synthesis also cause defects in the self-assembled 
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colloidal crystals. Especially during evaporation, the loss of the solvation layer surrounding 
colloidal particles leads to shrinkage in the packing and thus generates microcracks [41]. Other 
commonly observed defects include vacancies and stacking fault tetrahedra [42], [43]. 
Understanding the effects of these intrinsic defects on colloidal crystals and structural color is 
critical to engineer colloidal crystals for optimal structural color applications.  There is a gap in 
the literature because this question has not yet been the subject of investigation. 
 
1.4 Thickness of Colloidal Crystals 
 Film thickness is an important parameter in engineering optical coatings. There have been 
several studies that investigated the thickness dependence of the stop band in the transmission 
spectra of periodic dielectric media [44], [45]. However, a systematical and quantitative study of 
correlating colloidal crystal thickness and structural color reflectivity has been lacking. Colloidal 
crystal layers without defects are of interest to compare with multilayer reflective materials. The 





Where 𝑛' , 𝑛* , 𝑛&	and 𝑛+  are the reflective index of the originating medium, the alternating 
sequence of high and low dielectric layers, and the terminating medium; N is the number of pairs 
of high and low dielectric layers. The multilayer reflection theory captures the reflectivity as a 
function of the number of layers. Thus, control over the number of layers or thickness of colloidal 
crystals may be valuable to tune structural color reflectivity. 
 
1.5 Microstructure Characterization  
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 Scanning electron microscope (SEM) is one of the most commonly used instruments to 
image colloid microstructures in which the particle scale is on the micrometer and submicrometer 
scale.  The examined area is irradiated by a focused electron beam, and then signals are produced 
to show the surface of the specimen [47]. To increase the conductivity of the polymer specimen, a 
thin layer of gold is needed to sputter on the surfaces before taking SEM images. SEM is a useful 
characterization tool to measure the sizes of colloidal particles and inspect the microstructure from 
top views and cross sections of assembled structures. SEM images can be analyzed by imaging 
process software such as Fiji for conjugates Fast Fourier Transform (FFT) images. The spatial 
information in SEM images is converted into a power spectrum to quantify crystal quality. 
  
1.6 Structural Color Measurement 
 Structural color intensity and hue can be characterized by the peak height and peak location 
of reflection spectra, which can be measured by UV/Vis spectrophotometry. Reflection 
measurements have two common setups – specular reflectance measurement by normal incidence 
and total reflectance measurement using an integrating sphere. The integrating sphere setup 
collects all light reflected into the backward hemisphere. Thus, it includes both the specular and 
the diffuse reflection. Specular reflection occurs at an angle identical to the incident angle in the 
opposite direction [48]. Diffuse reflection refers to the light scattered in many directions [49]. The 
reflection spectrum measured by the integrating sphere configuration has higher reproducibility 
and is less affected by unintentional operation variations between different operators, such as a 
small misalignment of samples. By contrast, the normal incidence measurement is suitable for 
detecting the variability of different areas in a specimen [50]. 
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 To make the perceived structural color displayable on a screen, the reflection spectra can 
be further converted into International Commission on Illumination (CIE) xyY or Red Green Blue 
(RGB) color space. To determine color properties, the measured reflectance R(λ) can be 
transformed to a point in the normalized CIE xyY color space (x and y coordinates define the color 
hue, and the Y value is the color luminance) via color matching functions [51]. The CIE color 
matching functions are spectral sensitivity curves of three light detectors that numerically describe 
the chromatic response of the standard observer under D65 illumination [52]. Colors perceived by 
the human eye depend on illumination and receptor cells [53]. To further derive a displayable color 
image, the CIE xyY point is converted to the RGB color space using ITU-R BT.709 primaries [54] 
via an open-source Python package Colour-Science [55]. 
 
1.7 Computer Simulation of Colloidal Assembly  
 Colloidal-scale computer simulation is a powerful tool to predict self-assembled structures 
to validate and complement experimental results. Molecular dynamics (MD) and Monte Carlo 
(MC) simulations are commonly used to investigate colloidal systems. MD simulation 
approximates realistic dynamics of colloidal systems and the interactions between hard particles. 
Thus MD simulation is suitable for investigating dynamical processes [56]. By contrast, the MC 
simulation of colloidal crystals is efficient for studying static quantities by constructing particle 
configurations in the equilibrium phase. Furthermore, MC simulation can be used for the assembly 
of anisotropic particles because it can incorporate both positions and orientations of the particles 
[57]. For both MC and MD simulation, HOOMD-blue is a well-developed simulation engine 
designed for particles in nano-scale and colloidal-scale. The computer simulation approach is 
particularly useful to produce crystals containing a single type of defect, which was not feasible 
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by an experimental approach. In this dissertation, the use of MD and MC simulation is pursued in 
collaboration with Glotzer group members Bryan Vansaders and Fengyi Gao. 
 
1.8 Finite-Difference Time-Domain Simulation 
Predicting the optical properties of colloidal structures is of paramount importance for 
structural color design. Finite-Difference Time-Domain (FDTD) method is widely used to model 
how light interacts with micro- and nano-scale structures. By breaking up the structure and the 
spacing surrounding it into small cells, the FDTD method is used to calculate the electromagnetic 
field, which is time evolved according to Maxwell’s equation [58]. Then the reflection spectra of 
the modeled structure can be obtained by Fourier transformation of the calculated electromagnetic 
field [59]. FDTD method can be implemented in existing codes such as commercial software 
Lumerical FDTD solutions. 
FDTD simulation is faster and cheaper than fabricating experimental samples and making 
measurements, especially if there is a need to evaluate lots of designs to optimize parameters. In 
addition, FDTD simulation can be used to verify experimentally obtained results and understand 
the microstructural features that mediate the specific optical response. 
 
1.9 Organization of the Dissertation 
This dissertation explores the relationship between colloidal crystal microstructure and its 
structural color. We produce structural color from colloidal crystals and dense discoid packings by 
evaporative self-assembly of colloidal spheres and discoids, respectively. By utilizing experiment 
and simulation approaches, we systematically and quantitatively investigated the effects of 
colloidal crystal thickness, defects, particles of irregular size, and particle shape on structural color. 
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In chapter 2, we examine how crystal thickness and different kinds of defects in colloidal 
crystals quantitatively affect structural color. We fabricate colloidal crystals of monosized 
polystyrene spheres by evaporation. The crystal thickness is varied by controlling the initial 
volume fraction of the colloidal suspension. By measuring crystal film thicknesses by profilometer 
and reflection spectra by UV/Vis spectrophotometer, we find that structural color reflectance 
increases rapidly from a small thickness to a critical thickness and then reaches a plateau value as 
the crystal gets thicker. The simulation results from modeling crystals via MD simulation and 
simulating reflectivity by FDTD simulation show a good agreement with experimental results. In 
addition, we identify common crystal defects in the self-assembled colloidal crystals by inspecting 
the microstructure by SEM. By molecular dynamics and FDTD simulation, we construct crystals 
with a single defect type of vacancies, planar faults, stacking fault tetrahedra, or microcracks. We 
find that the defect density correlates strongly with a reduction in structural reflectivity.  This 
chapter address the gap in the literature discussed previously in Section 1.3 and 1.4. 
In chapter 3, we investigate the sensitivity of colloidal crystal quality and structural color 
reflectivity to the size and volume of irregularly sized particles. We produce colloidal crystals 
incorporating specific quantities of irregularly sized particles by the evaporative assembly and MD 
simulation. The particles of irregular sizes are microspheres either a larger or smaller diameter 
than the base colloids. We quantify colloidal crystal quality by processing images from SEM and 
visualization software OVITO for experimental and simulation structures, respectively. Both 
crystal quality and structural color reflectivity decrease as the volume fraction of irregularly sized 
particles increases. The reduction is less sensitive to the volume fraction than the size of irregularly 
sized particles. This chapter address the gap in the literature discussed previously in Section 1.3. 
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 In chapter 4, we characterize structural color and microstructure of anisotropic structures, 
which are self-assembled from discoid particles. The size and aspect ratio of discoids are controlled 
by initial sphere colloids and applied forces during uniaxial compression. We produce dense 
discoid packings by evaporative assembly and Monte Carlo simulation. The reflection spectra of 
experimental and simulation structures are obtained from spectrophotometry and FDTD 
simulation, respectively. We find that increasing the size of discoid particles leads to a redshift of 
reflection peak. Decreasing the aspect ratio of the discoids results in a lower reflection peak, which 
correlates with a more disordered structure. Compared to iridescent structural color from sphere 
crystals, the structural color from discoid is less angular-dependent. The discoid structural color is 
also multi-spectral because of the combination of Bragg and backscattering. This chapter address 
the gap in the literature discussed previously in Section 1.2. 
 Lastly, this dissertation is concluded in chapter 5 by summarizing our findings and 
suggesting future research directions to expand the work presented. 
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 Effect of Defective Microstructure and Film Thickness on the 
Reflective Structural Color of Self-Assembled Colloidal Crystals 
 
2.1 Abstract 
Structural color arises from geometric diffraction; it has potential applications in optical 
materials because it is more resistant to environmental degradation than coloration mechanisms 
that are of chemical origin. Structural color can be produced from self-assembled films of colloidal 
size particles. While the relationship between the crystal structure and structural color reflection 
peak wavelength is well studied, the connection between assembly quality and the degree of 
reflective structural color is less understood. Here, we study this connection by investigating the 
structural color reflection peak intensity and width as a function of defect density and film 
thickness using a combined experimental and computational approach. Polystyrene microspheres 
are self-assembled into defective colloidal crystals via solvent evaporation. Colloidal crystal 
growth via sedimentation is simulated with molecular dynamics, and the reflection spectra of 
simulated structures are calculated by using the finite-difference time-domain algorithm. We 
examine the impact of commonly observed defect types (vacancies, stacking fault tetrahedra, 
planar faults, and microcracks) on structural color peak intensity. We find that the reduction in 
peak intensity scales with increased defect density. The reduction is less sensitive to the type of 
defect than to its volume. In addition, the reflectance of structural color increases as a function of 
the crystal thickness, until a plateau is reached at thicknesses greater than about 9.0 μm. The 
maximum reflection is 78.8 ± 0.9%; this value is significantly less than the 100% reflectivity 
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predicted for a fully crystalline, defect-free material. Furthermore, we find that colloidal crystal 
films with small quantities of defects may be approximated as multilayer reflective materials. 
These findings can guide the design of optical materials with variable structural color intensity. 
This chapter was adapted from a publication: Tianyu Liu, Bryan VanSaders, Sharon C. 
Glotzer, and Michael J. Solomon. "Effect of Defective Microstructure and Film Thickness on the 
Reflective Structural Color of Self-Assembled Colloidal Crystals." ACS applied materials & 
interfaces 12, no. 8 (2020): 9842-9850. Tianyu Liu and Michael J. Solomon conceived the research 
and designed the experiments. Tianyu Liu conducted the experiments. Bryan VanSaders and 
Sharon C. Glotzer designed the computer simulation. Bryan VanSaders performed the simulations.  
 
2.2 Introduction 
Structural color is the brilliant iridescence found in organisms and natural materials 
such as the wings of butterflies,[1] the feather of peacocks,[2] and opals[3]. This kind of 
color arises due to light diffraction from periodically ordered structures at submicron 
scale[4]. Structurally colored materials can have better stability than conventional pigments 
such as dyes because they can be made from materials which are less susceptible to 
environmental degradation. Inspired by these biological systems, scientists have sought to 
study and mimic various bio-structures developed through evolution, so as to synthesize 
artificial structures for optical applications such as coatings[5],[6] and sensors [7],[8]. 
Various microfabrication methods have been applied to create submicron ordered 
structures, including colloidal self-assembly[9]–[15], lithography[16], [17], and layer-by-
layer deposition [18], [19]. Among those fabrication methods, colloidal self-assembly is of 
interest because of its simplicity and scalability. To accommodate colloids of different 
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material functionality, a variety of self-assembly methods have been considered to achieve 
the desired ordering, such as evaporative deposition,[9] electrophoretic deposition,[10], 
[11],[13] sedimentation[12], and dip deposition[14], [15].  In addition, computer simulation 
has been used as a powerful tool to predict the process of self-assembly [20]–[22]. 
At the same time, experimental tools such as light scattering as well as direct visualization 
by confocal microscopy enable the characterization of crystal microstructure, and the 
kinetics of self-assembly [23]–[26]. 
Studies of structural color in self-assembled colloidal crystals have primarily 
focused on controlling the wavelength of peak reflection [27]–[31]. The connection 
between assembly, microstructural properties, and reflective color intensity is a related 
question that also warrants investigation. Self-assembled colloidal crystals usually contain 
defects [32], [33]. Reflection properties are likely mediated by the defect microstructure of 
the film. However, a quantitative relationship between defect type/density and the 
reflectance of structural color remains unclear.  
The purpose of this study is therefore to establish the relationship between 
microstructural properties of the colloidal crystals and the reflectance of their structural 
color. We investigate the effect of crystal defect and crystal thickness on film reflection 
using a combined experimental and computational approach. Quantitative prediction of 
reflective color requires that the impact of defects on the optical response be considered. 
To that end, we prepared model systems via molecular dynamics (MD) simulation and 
calculated reflection spectra using finite-difference time-domain (FDTD) calculation of 
Maxwell’s equations. Beyond simulating the self-assembly process of films formed from a 
dispersed colloidal state, we also produced simulated films with defects which had been 
intentionally introduced. This approach quantifies the specific contribution of commonly 
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observed colloidal crystal defects to the overall reflection properties. We find that defect 
density correlates strongly with loss of reflectivity.  
Film thickness is an important parameter in engineering optical coatings. There have 
been several studies which investigated the thickness dependence of the stop band in the 
transmission spectra of artificial opals with superior quality [34], [35]. Attaining high 
crystal quality in a colloidal film can be challenging, especially when a high film growth 
rate is desired. Rapidly grown films may contain a variety of defects and is currently 
unknown to what extent these defect species impact the optical properties of the film. To 
investigate the role of defect-laden crystal thickness on reflection properties, we produce a 
series of films by means of the fast evaporation deposition method. By controlling the initial 
volume fraction of the suspension, the deposition method produces flat crystal films of 
variable thickness. The reflective color of a self-assembled film is a function of the 
reflection peak intensity and width, above that of diffuse background scattering. These are 
measured using white-light reflection spectroscopy. We use molecular dynamics to 
simulate colloidal crystal growth via sedimentation to validate and explain the experimental 
results. Additionally, we find that the representation of colloidal films as multilayer 
materials yields a good approximation of film reflection as a function of thickness. 
This work produces an understanding of the relationship between crystal 
microstructure and structural color intensity; this understanding can guide the design of 
spectral materials and support defect engineering in colloidal crystals. 
 
2.3 Materials & Methods 
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2.3.1 Fabrication of colloidal crystals  
Polystyrene spheres (Polysciences) of diameter 200 ± 20 nm were dispersed in 
ethanol at volume fractions ranging from 1% to 26% to study the effect of crystal film 
thickness. Self-assembly was performed on glass slides that were cleaned with a UVO-
cleaner (Model 42, Jelight) for 5 minutes. Adhesive silicone isolators (Grace Bio-Labs) 
with 20 mm diameter and 0.5 mm depth were applied onto the glass slides to define the 
area available for evaporative self-assembly. 25 µL of the dispersion of polystyrene colloids 
was placed into an isolator and evaporated at room temperature. During the evaporation 
process, colloidal spheres self-assembled into regions of high density, thereby yielding 
three-dimensional lattices. The uniformity of the crystal film is affected by humidity and 
temperature [36]. The surface area of these crystals is approximately 314 mm2.  We select 
samples of uniform thickness across this surface area (approximately 90% of all samples) 
to study the relationship between crystal thickness and reflectance. Their thickness depends 
on the initial volume fraction of the solution from which they are self-assembled.  
2.3.2 Characterization of colloidal crystals 
 The thickness of the colloidal crystal films produced by self-assembly was measured 
using a stylus profilometer (Dektak XT). The microscopic quality of the colloidal crystals 
was investigated by scanning electron microscopy (Tescan MIRA3 FEG SEM). The 
samples were sputtered coated with a thin layer of gold before imaging to reduce the 
charging effects. To analyze cross sections of the crystals, samples on glass slides were 
snapped with a diamond scribe pen. Optical properties of colloidal crystals were 
characterized by measuring their reflection spectra at 8 ° incidence relative to the normal 
plane, using a Thermo Scientific Evolution 600 UV-Vis spectrophotometer equipped with 
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a Spectralon® integrating sphere (DRA-EV-600) which collects all light reflected into the 
backward hemisphere. 
2.3.3 Computer simulations 
Colloidal films were simulated via molecular dynamics (MD) using the package HOOMD-
Blue [37],[38]. All simulations were performed under the Langevin thermostat and hard particle 
interactions were simulated using the shifted Weeks-Chandler-Anderson (WCA) potential. 
Particles with a distribution of diameters were simulated; this distribution matched that of the 
experimental system, which was characterized via SEM. 
Systems prepared by molecular dynamics were later used for FDTD calculation of film 
reflection. Therefore, system size was limited by the high memory requirements of the FDTD 
electromagnetic calculation method. For simulated sedimentation, approximately 8000 particles 
were initialized in a periodic box. A repulsive (WCA potential) lower boundary was introduced to 
act as the sedimentation surface. A constant force (representing fluid drag during evaporation) was 
applied antiparallel to the wall normal. Sedimentation simulations were begun at sufficient 
temperatures to fluidize the dispersion, then cooled (at various rates, mimicking the experimental 
preparation procedure) to very low temperatures.   Particles were assigned a local crystal structure 
(face-centered cubic, hexagonal close-packed, or disordered) by Adaptive Common Neighbor 
Analysis (aCNA) [39]. 
 Films with intentionally introduced defects were prepared similarly but prevented from 
initially melting. The starting configuration was a close-packed face-centered cubic (FCC) crystal, 
with the [111] crystal direction antiparallel to the gravity force and the [1-10] and [11-2] directions 
aligned with the periodic box edge normal. Samples with stacking faults were produced by the 
shifting of close-packed (111) planes of a perfectly crystalline film. Samples with dispersed 
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vacancies were produced by random deletion of particles. Samples with clustered vacancies were 
produced by deletion of particles to form a spherical void. Samples with stacking fault tetrahedra 
(SFTs) were produced by the deletion of a planar triangular cluster of particles in a (111) plane. 
Samples with microcracks were allowed to thermally relax while the box direction aligned with 
the [1-10] and [11-2] crystal directions were slowly expanded. Microcracking simulations were 
larger than other defect simulations (approximately 24,000 particles) to reduce the influence of the 
periodic box boundaries on the cracks that were formed. Additionally, mild short-range particle 
attraction was added so as to permit the opening of cracks. This attraction represents the adhesion 
forces present in the dry assembled film. A finite-difference time-domain (FDTD) algorithm as 
implemented in the commercially available code Lumerical FDTD SolutionsTM was used to solve 
the Maxwell equations and calculate the reflectance of the simulated crystals. The refractive index 
was matched with the properties of polystyrene. The angle of the incident light was the same as 
that in the experiment, 8°. The FDTD method yields simulated spectra that can be directly 
compared to the experimental measurements to develop functional relationships between crystal 
properties measures and reflective structural color. 
As an alternative to full-particle electromagnetic simulation, multilayer material reflection 
spectra were computed using the transfer matrix method (TMM) [40]. In these multilayer 
calculations, the colloidal crystal was approximated by an alternating sequence of high and low 
dielectric layers. The thickness of these layers is set as ½ the [111] plane spacing in the ideal FCC 
crystal. The refractive index of these layers was computed as a dielectric mixture based on the 
volume fraction of air and polystyrene in the high and low index layers [41]. The description of 
MD simulation and TMM calculation was adapted from our publication. 
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2.4 Results and Discussions 
Images of colloidal crystals fabricated by evaporative assembly are reported in 
Figure 1a. The color of the specimen changes during the 7-min evaporation process. During the 
late stages of drying, there is a thin layer of liquid film on the sample surface which exhibited 
interfacial color (as shown in photos at 4 – 7 minutes in Figure 1a). After the ethanol is completely 
evaporated from the dispersion, the final colloidal crystal film exhibited blue color, as indicated in 
the last panel of the image series. A cross section showing film microstructure after crystallization 
is presented in Figure 1b. The SEM image suggests that this colloidal crystal exhibits a close-
packed crystal structure. Figure 1c shows a simulated film after sedimentation. Particles were 
colored by their local environment, with green particles having FCC nearest neighbor shells, red 
particles having hexagonal close-packed (HCP) neighbor shells, and white particles having 
disordered shells. FCC is the dominant crystal type observed both in our experimental and 
simulated structures. This FCC preference is explained by the relative free energies of the FCC 
and HCP crystal structures.[42] Figure 1d shows the reflection spectra measured in the experiment 
and calculated from the simulation. An initially disordered colloidal suspension does not show 
Bragg scattering, whereas the colloidal crystal shows a Bragg reflection peak located at 473 nm. 
The peak of the simulated spectra – at 476 nm – matches the experiments, corroborating that long-
range crystalline order is the origin of the structural color. The wavelength of this peak can be 
estimated from the Bragg equation [9], [43]    
																																																														𝑚𝜆 = 2𝑑!"#(𝑛,& − 𝑠𝑖𝑛&𝜃)*/&                                   (1)                                                                                                         
where m is the diffraction order, λ is the wavelength of the reflected light, na is the mean 
refractiveindex of the crystal, dhkl is the interlayer spacing along the [hkl] direction, and θ is the 








Figure 2-1. Photographs, SEM, simulation structure, and reflection spectra of colloidal crystals 
fabricated by evaporative assembly to produce structural color. (a) Reflective structural color of 
colloidal crystals of polystyrene spheres undergoing evaporative self-assembly; images are spaced 
at 1 min intervals. (b) Cross-sectional SEM image of the colloidal crystal after evaporation; the 
structure is one that leads to the structural color apparent in the last image of (a). (c) Simulated 
structure, after the completion of self-assembly, with particles colored by local environment 
(green=FCC, red=HCP, white=disordered), contributed by Bryan VanSaders. (d) initial and final 
state reflection spectra as measured by experiment and computed by simulation. Scale bar in (a) 
is 10 mm; (b) is 1 µm. 
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na is calculated by the relation   𝑛,& = ∅𝑛.+& + (1 − ∅)𝑛,/0&, where ∅	is the volume fraction of 
particles (here ∅ = 0.74) and 𝑛.+ is the refractive index of polystyrene particles.[41], [44] For the 
spacing of the [111] planes of close-packed crystal structures, dhkl = 0.82d, where d is the diameter 
of particles. The calculated peak location is 476 nm, which agrees well with the experimental 
reflection peak at 473 nm and the simulated reflection peak at 476 nm.     
We compared the crystal structures prepared by experiment, the simulated sedimented 
samples, and perfect FCC crystals. Figure 2a shows that experimental crystals contain defects 
including vacancies, stacking fault tetrahedra (SFT), and microcracks. The size of these defect 
features is similar to the wavelength of peak structural color reflection. In large-area surveys of 
experimentally prepared films, we find no evidence of sample cracking wider than 1𝜇𝑚	(Figure 
S1). The influence of such sub-wavelength features with complex geometries likely requires full 
electromagnetic wave calculations such as those pursued here, so as to accurately capture 
diffraction effects. This situation differs from an alternative scenario, not observed here, in which 
wide and deep cracks would allow light rays to transmit through the specimen unhindered, without 
interacting at all with the dielectric material.  Thus, modeling how light diffracts in the defect-
rich crystal is essential to explain the reflectivity properties measured in the experiments. 
For the structure produced by simulated sedimentation (Figure 2b), the defect analysis 
shows that planar stacking faults, HCP domains, and dislocations are common defects.  These 
naturally arise during sedimentation, consistent with literature reports.[33] For comparison, Figure 
2c shows a perfect FCC structure without defects.  
We produced these three kinds of crystal structures at a constant thickness of 7.4 µm and 
further compared their reflection spectra. Figure 2d shows that the perfect FCC crystal is capable 





Figure 2-2. Comparison of crystal structures and reflection spectra by experiment, MD simulation, 
and FCC crystal. a) A typical SEM image of the top surface of a colloidal crystal film; Scale 
bar is 1 µm. (b) A simulated structure from sedimentation, with particles colored by local 
environment (green=FCC, red=HCP, white=disordered. (c) A perfect FCC crystal without 
defects. ), (c) and (d) were produced by Bryan VanSaders. (d) The spectra for a pure FCC 










models prepared by simulated sedimentation, have lower peak reflectance values and slightly 
larger peak wavelength. The difference in peak wavelength between the perfect crystal and 
the simulated or experimental systems is because defects typically increase the interlayer 
space, which results in an increase in the peak wavelength, as per the Bragg equation. 
Therefore, the peak wavelength of the FCC theory is smaller than the experimental and 
simulation structures. The difference in peak reflection is also likely caused by the defect 
microstructure of these films, which we now explore by computer simulation.  
The microstructure of sedimented films can be broken down into short-range features – 
e.g. vacancies – as well as long-range features – e.g. stacking faults, dislocations, and grain 
boundaries. Reflective structural color intensity is a function of these different defect types, each 
of which has been observed in SEM studies of the film surface (Figure 2a). Surface microcrack 
patterns display triangular symmetry, implying the existence of stacking fault tetrahedra (SFTs) in 
sedimented films. (Figure 3c inset shows the geometry of an SFT.) SFTs are clusters of vacancies 
which can form in crystals with low stacking fault energy. Pronk and Frenkel[45] have shown that 
hard spheres have very low stacking fault energies, and so we also examine the effect of SFT 
clusters on structural color. 
Figure 3a-e shows the reflection spectra of simulated films prepared with different 
concentrations of dispersed vacancies, clustered vacancies, SFTs, planar stacking faults, and 
microcracks, respectively. The insets show representative geometries of each defect type.  
Specifically, the number fraction of deleted particles is varied in Figure 3a-c, leading to dispersed 
vacancies, clustered vacancies, and stacking fault tetrahedra (SFTs), respectively; The number of 
planar faults is varied in Figure 3d; The uniaxial strain, as a percentage, is varied in Figure 3e, 
resulting in the microcracks. Figure 3a demonstrates that increasing the dispersed vacancy content 
decreases peak reflection intensity. Dispersed vacancies also increase the level of background 
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reflection at off-peak wavelengths. This is a consequence of diffuse, wavelength-independent 
scattering from the sub-wavelength local density changes caused by dispersed vacancies. When 
vacancies are collected into a spherical void, the increasing volume fraction of the void causes a 
reduction in the peak reflection and a small increase in background reflection (Figure 3b). 
Introducing SFT vacancy clusters has some effect on peak intensity, with a less pronounced effect 
on the broad-spectrum background (Figure 3c). That is, dispersed vacancies have a larger effect 
on background reflection than vacancy clusters. Planar stacking faults have a minimal effect on 
the peak reflection intensity (Figure 3d). Lastly, Figure 3e shows that in-plane stretching produces 
microcracks which cause a reduction of peak intensity.  
    To explore how these defect types, contribute to structural color reflectivity, we plot their 
peak reflectance values as a function of the defect density rd (Figure 3f). Here we define defect 
density as the ratio of empty volume (added to the system as a result of the introduction of that 
particular defect) and total crystal volume. For SFTs and vacancies containing samples, the defect 
volume is the volume of the deleted particles. Planar stacking faults, which have no defect volume, 
cannot be considered on a per-volume basis. For strained samples with microcracks, this is the 
volume added due to the stretching. 
We find that a general trend exists which relates the defect density to the reflection peak 
intensity (Figure 3f). The defect volume is the dominant factor predicting the reflectance; the type 
of defect volume is a secondary factor.  However, different kinds of defects (which correspond to 
different ways of organizing defect volume) do generate modestly different trends in the 
reflectance vs. volume relation, indicating that some species of defects are more efficient at 
disrupting structural color given a similar defect density and within certain defect volume ranges. 
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Figure 2-3. Reflection spectra of simulated films prepared with different concentrations of 
vacancies, SFTs, planar stacking faults, and microcracks, respectively. (a) Reflection spectra of 
crystal structures with different number fraction of dispersed vacancies in sedimented films. (b) 
Reflection spectra of crystal structures with different number fractions of clustered vacancies 
forming a spherical void in sedimented films. (c) Reflection spectra of crystal structures with 
different number fractions of deleted particles, leading to stacking fault tetrahedra (SFT). (d) 
Reflected light intensity and wavelength are nearly independent of the number of planar stacking 
faults present. (e) Reflection spectra of crystal structures subjected to different amounts of biaxial 
strain, leading to microcracks.  Each inset shows the geometry of dispersed vacancies (a), 
clustered vacancies (b), an SFT (c), stacking faults (d), and microcracks (e), respectively, 
generated by Bryan VanSaders. Particles are colored by local environment (green=FCC, 
red=HCP, white=disordered). For voids, a cut-away of the film structure is shown. Otherwise, 
only particles with defective environments are shown. (f) Compilation of peak reflectance Rmax 
as a function of defect density rd added to the system for the set of defect types studied. 
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    Specifically, we find that dispersed vacancies at low concentrations are less efficient at 
disrupting structural color, on a per unit volume basis, than clustered vacancies. The optical 
scattering from a single isolated vacancy is diffuse, as the vacancy has a size comparable to the 
wavelength of the incident light. At low vacancy concentrations, they behave as a dilute solution 
of diffuse, low contrast scatters; they only weakly perturb film reflection. A small amount of 
dispersed vacancies has a less negative effect on reflection compared with when those vacancies 
form into a spherical vacancy cluster. As vacancy concentration is increased, however, the trend 
reverses; in this defect volume range dispersed vacancies become more damaging to the optical 
properties of the film than vacancy cluster. This effect is thought to be due to the interaction of 
multiple vacancies (vacancy clusters) and the subsequent formation of larger-sized defects that 
generate additional scattering.  
The way of organizing small defect volume which is most detrimental to structural color 
is in an SFT. The peak reflection dramatically decreases with a small defect density (Figure 3e).  
This is understood because the edges of the SFT also act as weak scattering planes, and for a given 
vacancy cluster size the SFT formed has a larger surface area than when those vacancies are 
collected into a spherical cluster. The extended nature of SFTs limits our study to small defect 
volume fractions; the highest defect concentration shown here for SFTs (~1%) represents SFTs 
which cover the entire area of the film by touching corner-to-corner. As the number of vacancies 
is increased, Figure 3f shows that the derivative of the vacancy defect density curve becomes more 
similar to that of the SFT curve, a result of vacancy cluster (and/or SFT) formation from the 
coalescence of multiple vacancies.  
     Finally, biaxial stretching, which leads to microcracks, is found to be less detrimental to 
the reflectivity than vacancies are. The peak reflection of cracked films decreases most rapidly for 
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in-plane strains of 2-5%. For these strains, many defects are produced as the film is cracked. For 
larger strains, few additional defects are created because the films have cracked completely. An 
asymmetric sigmoidal function approximates this behavior well. For large concentrations of 
vacancies (>5%) we find that vacancies are close enough to consolidate into other structures such 
as vacancy clusters or dislocation lines during the initial stages of model preparation. These 
consolidated structures share similarities to the defect microstructures produced by in-plane 
stretching. These results indicate that the long range non-planar faults produced by stresses in the 
film or vacancy clusters have a strong negative effect on reflection quality.  
     We now turn to the effect of film thickness on the peak properties (intensity and width) of 
structural color reflection. We produce by experiment and simulation a series of colloidal 
crystals with thicknesses ranging from 1.4 µm to 16.1 µm.  The film thicknesses in the 
experiment are controlled by the initial volume fraction of the colloidal suspension that is 
evaporated and the diameter of those colloids. Given the close-packed layer thickness of 
0.164 µm, these crystals vary from about 8 to 97 layers. Due to the large memory 
requirements of the FDTD method, all the simulated film thicknesses are less than 13.0 µm, 
which corresponds to 79 layers.  
    The measured reflection spectra of the experimentally produced structures are 
shown in Figure 4a. For the experimental crystal structures, thin films yield low peak reflectivity 
and broad reflections. As the film thickness increases, the reflectivity peak intensity increases and 
the peak width narrows. Finally, the thickest films no longer increase in reflectivity; there is also 
a broadband increase in background reflection at off-peak wavelengths. The optical calculations 
are performed both for crystals produced via simulated sedimentation (Figure 4b) and for 
a perfect FCC structure (Figure 4c). Both are produced under conditions analogous to the 
experiments. The simulated structures yield reflection properties that agree with the  
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Figure 2-4. Reflection spectra of colloidal crystal films with different thicknesses produced by 
experiment, MD simulation, and for an FCC crystal. (a) Measured reflection spectra of 
colloidal crystal films with different thicknesses. (b) Simulated reflection spectra of films 
of colloids grown via sedimentation and containing defects. (c) Simulated reflection 
spectra of the perfect FCC structure with increasing crystal film thicknesses.  
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experimental results. Increasing film thickness yields greater peak reflectivity accompanied by 
band narrowing.  For the perfect FCC structure, a band of complete reflectivity is observed for the 
thickest samples.  Off-peak wavelengths show oscillating reflectivity.  These small, oscillating 
peaks on the shoulders of the primary reflection for the perfect FCC crystal are interference fringes; 
they are obscured by diffuse scattering in real films, as generated by both defects and 
polydispersity in particle diameter.    
To understand why the reflectance varies with thickness as observed, we compare these 
results to the theory of multilayer reflectors. In this theory, the material is represented as a set of 
alternating layers of high and low refractive index.  The thickness of each layer is equal to half the 
interlayer spacing of a defect-free hard-sphere crystal. The high and low refractive indices are 
computed from the volume fill fraction of each layer. This model is a one-dimensional 
approximation of the three-dimensional periodic structure of the colloidal crystal.[40] Figure 5a 
shows the change in multilayer reflection as the total stack thickness is increased. This 
reflectance trend shows a close similarity with the results obtained from FDTD simulation 
of a perfect FCC crystal (c.f. Figure 4c). We compare this theory to the peak reflectivity 
measured for different crystal film thickness by experiment, simulation, and the perfect FCC 
crystal in Figure 5b.  
The multilayer reflection theory captures the optical behavior of the perfect FCC crystal, 
displaying the same trends for reflectance peak intensity as a function of film thickness. Similar 
trends are also seen in the results derived from the experiment and sedimented simulation. 
Specifically, in the limit of small film thickness, the intensity of the reflection peak increases 
approximately linearly with the thickness of crystal films, ultimately reaching reflection saturation. 
Saturation occurs for film thicknesses greater than 5.9 µm (35 layers) for the multilayer calculation 









Figure 2-5. Effect of crystal thickness on reflection peak intensity and peak width. (a) Theoretical 
reflection spectra of the multilayer material as a function of total stack thickness. (b) The 
relationship between crystal thickness (H) and reflection peak intensity (Rmax) for a perfect FCC 
crystal, for a crystal formed by simulated sedimentation, and for an experimentally produced 
crystal.  The curve is the prediction of the multilayer reflector theory.   (c) Reflection spectra of 
multilayer materials with Gaussian distributions of layer thicknesses. The values of standard 
deviation s are 0.5%, 1%, and 1.5% of layer thickness, respectively, calculated by Bryan 
VanSaders.   (d) The effect of crystal thickness on full width at half maximum (FWHM) of the 
reflectance. 
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than 9.0 µm (54 layers) for the experiment. Saturation thickness for each case was calculated by 
fitting data with an exponential plateau function. We consider this curve saturated if a reflection 
value reaches 98% of maximum reflection. Although the difference between the experiment and 
simulation saturation thicknesses is minimal, the difference between these and the other two 
theoretical cases indicates that defect-rich structures require additional colloidal crystal layers to 
achieve saturation of the reflectivity. For sufficiently thick films, the penetration of light through 
the full stack is negligible;[46] the top layers of the film dominate the optical response. This 
suggests that excessive crystal thickness minimally affects the reflective structural color intensity. 
For the FDTD simulation based on the perfect FCC structure, the reflection saturation also reaches 
100%. The experimental structure and simulated structures from sedimentation have defects in the 
crystals, which cause the reflection value to instead saturate at 78.8% ± 0.9%.    The effect of such 
defects was previously discussed in Figure 3, which explains the difference in saturation reflection 
between defective structures and FCC perfect crystal. The small discrepancy between 
experimental and simulated structures is most likely caused by system size effects.  
Specifically, the surface area of simulated structures is constant at 7.9 µm2, to accommodate 
the significant memory requirements of the FDTD calculation. Large-scale defect 
structures spanning several microns cannot be incorporated into such small periodic 
domains. In the experiments, the surface area of samples is much larger: 3.1´108 µm2.  
Defect structures of lateral dimension greater than 7.9 µm2 are therefore cutoff in the 
simulation, leading to slightly greater reflectivity. Generally, the results from the 
sedimentation simulation agree with experimental data, suggesting that this simulation method 
would be useful to predict the reflection intensity of colloidal crystal films. Figure 5c shows how 
the multilayer reflector model can account for the experimentally observed Gaussian peak 
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shape. The total reflectance from a multilayer stack with a Gaussian distribution of layer 
separations was computed.  The values of standard deviation, s, are 0.5%, 1%, and 1.5% 
of the layer thickness, respectively. Variation in layer thickness is Gaussian distributed, as 
opposed to the stopband of the multilayer model, which has uniform layer thickness. 
Including this heterogeneity of layer thickness into the multilayer model yields reflectance 
peaks that are similar in shape to the peaks observed in the experiments. This congruence 
suggests that heterogeneity in layer thickness induced by e.g. particle polydispersity and 
crystal distortions could be responsible for the peak shape observed in the experiments. 
Figure 5d shows the dependence of reflection peak width on film thickness. As the film 
approaches the saturation thickness, the full width at half maximum (FWHM) of the 
reflection peak decreases until reaching a saturation value of 38.8 nm ± 0.5 nm at the crystal 
thickness of 3.9 µm. This trend holds for the experiment, simulation, and theory. This is 
again a consequence of constructive interference; as more layers are added, the reflection 
spectra approach the ideal behavior of a perfect Bragg reflector.[47] This narrowing effect 
prior to saturation is similar to the Debye-Scherrer effect in crystals (in which the X-ray 
diffraction peak width narrows in inverse proportion to the number of lattice planes).[48] 
In addition, the overall trend of peak width of defective structures (experiment and 
sedimented simulation) is close to results from perfect crystals (multilayer calculation and 
FCC simulation). This indicates that defects have little impact on the peak width of 
structural color.  
 Figure 5b shows that the reflection saturation occurs at 9.0 µm thickness for experimental 
polystyrene/air structures. This saturation thickness depends on the refractive contrast between the 
particles and their surrounding environment[49]. Figure 6a provides guidance as to the peak 
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Figure 2-6. Relationship between film thickness and reflection peak intensity for particle-matrix 
pairs of different refractive index contrast, and structural color quality of polystyrene colloidal 
crystals films with different thickness determined by 1931 CIE chromaticity diagram. (a) Effect of 
film thickness (H) and the number of layers (N) on the reflection peak intensity for particle-matrix 
pairs of different refractive index contrast. (b) The required refractive index contrast to achieve a 
particular peak reflectance at different crystal thicknesses, calculated by Bryan VanSaders.  (c) 
1931 CIE chromaticity diagram of polystyrene colloidal crystals films with different thickness 
produced by experiment, sedimentation simulation, and the pure FCC crystal. 
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pairs in structural color materials applications. The results shown in Figure 6a and 6b are 
calculated from the theory of multilayer reflectors. It is clear that an increased refractive index 
contrast results in saturation at lower stack thicknesses. This insight is useful for 
engineering structural color films; when the colloid and matrix refractive index contrast is 
low, thicker layers must be used to achieve intense structural color. Conversely, the total 
film thickness (and therefore material used) can be reduced by using colloidal particles with 
higher refractive index contrasts. For example, TiO2-Air has very high refractive index 
contrast (1.51), a film of only 2.9 µm (17 layers) is needed to reach saturation; PMMA-
PDMS has low refractive index contrast (0.06) and so a film of 41.7 µm (254 layers) is 
needed to reach saturation. Figure 6b shows that the relationship between refractive index 
contrast and the thickness required to achieve a given peak reflectance value (based on the 
multilayer reflector model) is linear on a log-log scale.  
     Crystal defect and film thickness influence the color quality of film reflection, 
which can be determined by using 1931 International Commission on Illumination (CIE) 
chromaticity diagram. The corresponding color coordinates x and y are calculated from the 
reflection spectra in Figure 4  by using color matching functions[50] and plotted on the CIE 
chromaticity diagram. In Figure 6c, as the thickness of colloidal crystal film increases from 
1.5 µm to 13.4 µm, the color coordinate moves towards the edge of the plot, suggesting an 
increase in the color quality. Additionally, the color coordinates of the experimental 
structures are closer to the center of the plot than either the sedimented simulation or 
theoretical FCC structures, which indicates that experimental structures have less intense 





We address – specifically and quantitatively – how structural color intensity depends on 
different microstructural features of colloidal crystals. This study shows that microscopic crystal 
properties are a principal determinant of the structural color response of self-assembled colloids.  
The paper produces an understanding of the relationships among self-assembly, colloidal crystal 
properties, and the optical properties of structural color.  Our approach of measuring the 
dependence of macroscopic structural color on microscopic properties of the self-
assembled structure (defect content and crystal thickness) is useful because it generates 
new kinds of data sets for simulation and modeling, as well as suggests mechanisms by 
which reflective structural color can be controlled and designed for at the microscopic scale. 
Taken together, these scientific results show that: (i) microscopic crystal defects and film 
thickness are principal determinants of the structural color response of self-assembled 
colloids; (ii) commonly observed colloidal defects which reduce crystal density such as 
SFTs, vacancies, and microcracks reduce structural color intensity; (iii) defects which do 
not reduce crystal density, such as planar stacking faults and twin boundaries, do not impact 
structural color intensity; (iv) the tools of scanning electron microscope (SEM), simulation 
and structural color reflection can be coordinated to discover new features of the complex 
relationship between self-assembly microstructure and the macroscopic, functional optical 
response; and, (v) the results generated here can be translated into a range of different 
conditions of particle size and refractive index contrast. With these new findings and tools 
in hand, scientific questions about the role that crystalline structures play in determining 
structural color response can be identified and addressed.
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a b 
Figure 2-S1. SEM images of the self-assembled colloidal crystals show microcracks of width 
less than 1 µm. Scale bar in (a) 2 µm, (b) 10 µm. 
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 Effect of Particles of Irregular Size on the Microstructure and 
Structural Color of Self-Assembled Colloidal Crystals 
3.1 Abstract 
Self-assembled colloidal crystals can exhibit structural colors, a phenomenon of intense 
reflection within a range of wavelengths caused by constructive interference. Such diffraction 
effects are most intense for highly uniform crystals, however in practice colloidal crystals may 
include particles of irregular size, which can reduce the quality of the crystal. Despite their 
importance in realizing high-quality structural color, a quantitative relationship between particles 
of irregular size, crystal quality, and the resultant structural color response remains unclear. In this 
study we systematically and quantitatively investigate the effect of adding particles of irregular 
size on the microstructural quality and structural color reflectivity of colloidal crystals formed by 
evaporative self-assembly via experiment and simulation. We examine two sizes of irregular 
particles, 4.2 times larger or 0.4 times smaller than the host crystal. We find that small irregular 
particles are more detrimental to crystal quality and structural color reflectivity than large irregular 
particles. When incorporated with 10% volume fraction of irregularly sized particles, the 
reflectivity of crystal films with large (small) irregularly sized particles decreases by 18.4% ± 5.6% 
(27.5 ± 5.8%), and a measure of crystal quality derived from FFT analysis of SEM images reduced 
by 40.0 ± 4.5% (48.8 ± 6.0%). By modeling colloidal films incorporated with irregular particles 
via molecular dynamics simulation and computing the reflection spectra of the modeled crystals 
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via the finite-difference time-domain method, we find that the peak reflectivity of the assembled 
structures increases monotonically with crystallinity, and that crystallinity is correlated with the 
volume fraction of incorporated irregular particles. The quantitative relationships developed in this 
study can be applied to predict the level of irregularly sized particles that can be tolerated in 
colloidal films before significant degradation in crystal quality and reflectivity occurs. 
This chapter was adapted from a manuscript: Tianyu Liu, Bryan VanSaders, Jacob T. 
Keating, Sharon C. Glotzer, and Michael J. Solomon. " Effect of Particles of Irregular Size on the 
Microstructure and Structural Color of Self-Assembled Colloidal Crystals", in preparation. Tianyu 
Liu and Michael J. Solomon conceived the research and designed experiments. Tianyu Liu and 
Jacob T. Keating conducted the experiments. Bryan VanSaders and Sharon C. Glotzer desgined 
the computer simulations. Bryan VanSaders performed the simulations.  
3.2 Introduction 
The technique of self-assembly offers a simple and low-cost approach to produce large-
area colloidal crystals,[1] which exhibit optical properties such as structural color. Structural color 
is the enhanced reflection of light of specific wavelengths due to submicron dielectric periodicity 
in a material.[2] Unlike coloring due to pigments, it is not prone to degradation by light and heat.[3], 
[4] The environmental stability of structural color is well aligned with the needs of a variety of 
optical applications such as coatings[5], sensors[6], and filters[7]. A potential limitation of using 
colloidal self-assembly to produce structural color materials is that standard syntheses of colloids 
– materials such as silica or polymer latex – are imperfect, with finite size polydispersity. 
Polydispersity can manifest as a distribution of sizes, or as bimodal distributions with a fraction of 
‘irregular’ particles with sizes distinctly different from the intended product. For example, 
secondary seeds – which are smaller spheres than the primary monosized fraction – can form 
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during silica regrowth. Contamination of the seeds with large spheres can also be observed during 
particle synthesis.[8] Previous studies have demonstrated that an increase of polydispersity leads 
to higher free energy for crystal nucleation of colloidal suspensions,[9] and that more polydisperse 
particles self-assemble into structures with greater amorphous character, which exhibits a broader 
and less intense spectral response [10].  
Similar to polydispersity, significant populations of irregularly sized particles can perturb 
the quality of self-assembly by disrupting how colloids pack. Previous studies have found that 
added irregularly sized spheres generate defects; these defects are detrimental to the structural 
periodicity of colloidal crystals.[8] Moreover, the presence of defects may also lead to degradation 
in the optical properties of colloidal crystals[11], especially structural color reflectivity[12]. 
However, a quantitative and systematic study that correlates the effects of size irregularity with 
crystal quality and optical reflectivity is lacking.  
Quantitatively understanding the effects of irregularly sized particles could have a number 
of positive effects on materials development and performance. This understanding could inform 
the specification of size uniformity required in the synthesis of a particular colloidal system so as 
to achieve a particular structural color reflectivity. Alternatively, the introduction of irregularly 
sized particles as dopants could be deployed as a tool to control reflectivity. Thus, in order to guide 
the design of optical materials from colloidal crystals, it is useful to understand how the presence 
of particles of irregular size affects microstructure, structural order, and optical properties.  
Herein, we systematically evaluate the role of irregularly sized particles in determining 
crystal quality and structural color reflectivity by experiment and simulation. Specifically, we 
employ evaporative self-assembly and molecular dynamics simulation to produce structures in 
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which different amounts of added irregular species are incorporated. A major advantage of 
evaporative self-assembly over other methods is that it allows us to control the level of irregularly 
sized particles by introducing different sizes and volume fractions of particles. In addition, 
evaporative self-assembly and other associate evaporative deposition processes offer industry 
promise because they are scalable to large-scale fabrication of coatings, and the technique is 
compatible with existing manufacturing processes.[13]  
In the experiment, we introduce specific quantities of irregularly sized microspheres into 
monosized colloidal suspensions. These particles of irregular size are of two types; they are spheres 
either with either a larger or smaller diameter than the base colloids. In order to avoid the formation 
of binary colloidal crystals, the relative size ratio of the two mixed particle components is greater 
than 1.7 in the case of the larger particles and less than 0.58 in the case of the smaller particles.[14]  
Through evaporative self-assembly, these particles of irregular size are incorporated into three-
dimensional colloidal crystals, which exhibit varying degrees of crystal quality. We quantify this 
crystal quality by processing images from scanning electron microscopy (SEM) acquired at a 
resolution that resolves defects such as vacancies and stacking faults. In addition, we measure the 
reflection spectra of the self-assembled films. The volume fraction, crystal quality, and crystal 
reflectivity are quantitatively correlated to understand their interrelationship. Special attention is 
paid to comparing the effects of irregularly sized particles that are larger than and smaller than the 
primary particle from which the crystal has been self-assembled. 
We additionally study the self-assembly of colloidal films with incorporated irregular 
particles by Molecular dynamics (MD)[15]. Simulations of film formation by with ~101 particles 
are carried out with various quantities of irregular particles. For experimental films prepared by 
evaporative deposition, crystallization and densification are driven by the motion of the liquid-air 
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interface as drying proceeds. This process was approximated in simulation by interface-driven 
crystallization between a pair of planes. When studying the formation of microstructural features 
such as grain boundaries, large system sizes are required to ensure defect distributions are not 
strongly perturbed by system size effects. Polycrystalline films obtained by simulation are 
compared with SEM cross-sections of the experimentally derived films.  
To quantitatively compare with the measured reflectivity of colloidal films, the optical 
reflection spectra of the structures assembled through MD are computed with the finite-difference 
time-domain (FDTD) method. This method is the most widely used approach to model how light 
interacts with micro and nano-scale structures by solution of Maxwell’s equations in the time 
domain.[16] The reflection spectra are obtained by Fourier transformation to the calculation of the 
electromagnetic fields.[17] The combination of MD self-assembly simulation and FDTD 
calculation of the optical response complements the experimental work by allowing auxiliary 
observation of the relationship between the underlying microstructural properties that mediate the 
effect of the added irregular particles on the optical reflectivity.  
The aim of this study is therefore to quantify the sensitivity of crystal quality and 
reflectivity to size and volume fraction of irregularly sized particles. If these correlations are 
available, then, for example, the reflectivity of the colloidal crystal films might be tunable by 
introducing controlled quantities of irregularly size particles. The results furthermore reveal the 
importance of size uniformity in achieving high-quality structural color reflectivity in self-
assembled colloidal crystals. 
3.3 Materials & Methods 
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3.3.1 Preparation of colloidal crystals containing added irregular particles 
Different-sized polystyrene microspheres in 2.6 vol% aqueous dispersions were obtained 
from Polysciences, Inc. and used as received. The host particles have a diameter of 198 nm ± 8 
nm, and the irregular particles have a diameter of 88nm ± 10 nm or 372 ± 10 nm. These mean size 
and standard deviation values were determined by scanning electron microscopy (SEM) and image 
analysis. To prepare a specific volume fraction of irregular particles in the mixture of colloidal 
dispersions (48 µL), a desired volume of 2.6 vol% dispersion of irregular particles was added to a 
2.6 vol% colloidal dispersion of host particles. The relative volume ratio of dispersions of host and 
irregular particles was varied for different samples. The dispersion mixture was sonicated for 5 
min to ensure a uniform distribution of particles. The water in the mixed dispersion was removed 
by centrifugation (14,000 rpm for 10 mins). Then the colloids were dispersed into ethanol (Decon 
Laboratories, Inc.). The total volume fraction of particles (host + irregular) in the mixed dispersion 
was kept constant at 5.0% when the different amounts of irregularly sized particles were added.  
To produce the device for evaporative self-assembly, a circular silicone isolator (Grace 
Bio-Laboratories) of 20 mm diameter and 0.5 mm depth was applied to a glass slide substrate, 
which was cleaned with a UVO cleaner (Model 42, Jelight) for 5 min. Twenty-five µL of the 
colloidal dispersion was dispensed into the isolator. After evaporation at room temperature, host 
colloids and the added irregularly sized colloids were assembled into thin-film crystals. We 
produced a series of thin-films crystals from 3 µm to 9 µm for each volume fraction of irregular 
particles. To compare the effect of irregular particles on reflectance, we used the linear 
interpolation method [18] to compute the reflectance values of films at 5.7 µm (35 layers) with 
different volume fractions of irregular particles (Figure S-1). The evaporative assembly took 8 
mins to produce uniform structural color after all ethanol had been evaporated. 
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3.3.2 Characterization of crystal microstructure and optical properties 
A morphological study of the evaporatively assembled microstructure was carried out by 
scanning electron microscopy (Tescan MIRA3 FEG SEM) imaging of surfaces and cross-sections 
of the crystals. For the cross-sectional analysis, the samples were cut using a diamond scribe pen 
to reveal a plane of the assembled film normal to the substrate. The surfaces of the samples were 
sputtered with thin layers of gold before SEM imaging. The thickness of the films was measured 
by a stylus profilometer (Dektak XT). The reflection spectra of the assembled microstructures were 
measured using an Evolution 600 UV–Vis spectrophotometer (Thermo Scientific) at an 8° angle 
of incidence. The spectrophotometer is equipped with a diffuse reflectance accessory (Labsphere, 
DRA-EV-600), which is an integrating sphere capable of total reflectance measurement.  
3.3.3 Computation of summation of peak prominence 
To quantify crystal quality, we analyzed SEM images with the open-source image 
processing software Fiji (version 2.1.0, downloaded from ImageJ website)[19]. An unsharp mask 
was applied to the SEM images, and a conjugate image was then produced by Fast Fourier 
Transform. The FFT image reports the spatial frequency distribution of crystal periodicity, as 
shown by the bright regions and rings of the image. The azimuthal variation in the intensity profile 
was then calculated in the following way: the pixel intensities in the FFT image were summed 
over an angular interval of 1° between 0° and 360°, where 0° is arbitrarily located. This intensity 
profile varies with angle as per the location of diffraction peaks. To assess this variability, we 
determine the intensity over a radial region (ring) that spans the width of the diffraction peaks. For 
the first order diffraction this ring includes six peaks; for the second order diffraction there are 
twelve peaks. We focus on the second order ring for analysis here, because the first order ring is 
often compromised by high background. We set the radial width of the second order diffraction 
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ring to be 28 pixels to include the full width of all twelve peaks. The intensity profile as a function 
of angle shows multiple peaks. For SEM images taken under different brightness, we removed the 
baseline of each intensity profile for the comparison of different structures. The peak prominence 
in the intensity profile of an FFT image is defined as the difference between the peak maximum 
and the peak base. On each side of the peak, there is a nearest local minimum. The higher one of 
the two local minima is the peak base. The peak base is the higher one of two local minima near 
the peak.[20] The summation of peak prominence is the sum of the peak prominence of all twelve 
peaks of the second order diffraction. 
A hexagonal FFT pattern from structures with no added irregular particles (Figure 1A) has 
12 peaks in the second-order diffraction ring. The corresponding intensity profile shows intense 
peaks (Figure 1C), indicating high structural order. On the other hand, the system with 10% 
irregular particles incorporated generates an FFT pattern that is more radially symmetric (Figure 
1B), and with less intense and broader peaks (Figure 1C). The summation of peak prominence for 
each intensity profile is frequency-space characterization of the crystal quality of the structure. 
3.3.4 Molecular dynamics simulation and optical reflectivity calculation 
Colloidal films were simulated via molecular dynamics (MD) using the package HOOMD-
Blue (v2.9).[21], [22] Particles were modeled as repulsive spheres using the Shifted Lennard-Jones 
potential: 













Figure 3-1. Method to compute the summation of peak prominence from SEM images. 
Representative SEM and FFT images of monosized crystal (A) and structures with added 10% of 
88 nm sized irregular particles (B). The scale bars in (A) and (B) are 1 µm. In the FFT image, the 
pixels in the highlighted ring (covering the second-order diffraction pattern) were summed over 
an angular interval of 1° between 0° and 360°.  Their azimuthal intensity profiles are shown in (C). 
The prominence of a peak is the difference between the peak maximum (a) and the peak base (b). 
The summation values of peak prominence for the monosized crystal and the structure with added 

























For 𝑟 < 𝑟89: + Δ, and 0 otherwise. Δ = (𝑑/ + 𝑑;)/2, where 𝑑/  and 𝑑;  are the diameters of the 
particles being considered. For pure repulsive interactions, 𝑟89: was set to 𝜎2
!
", and the potential  
was shifted in energy by 𝜖 . 𝜎  was set to 0.5, and 𝜖  to 1. 𝑑/  were chosen so as to produce a 
distribution of sizes consistent with the experimental distribution of particle sizes. Fractions of 
larger or smaller diameter particles – corresponding to the levels used in the experiments – were 
also included. 
 In order to model crystal formation by solvent evaporation, domains of ≈ 350𝑘 particles 
were simulated with a Langevin integrator in a simulation box with periodic x and y boundaries, 
but repulsive walls confining the sample in the z-direction. After initial fluidization (with "<
=
= 1), 
the temperature was gradually reduced to zero as the top confining wall was incrementally 
lowered, pinning the fluid in a gradually diminishing gap. This process represents the boundary-
driven densification of the colloidal suspension, corresponding to conditions in which colloids are 
packed into denser configurations as the liquid surface retreats due to evaporation. In the 




= 1.25). If system pressure exceeded this value, lowering of the top wall was halted and 
only resumed if system pressure dropped. 
 Like the experiments, the molecular dynamics simulations are time-dependent, and 
densification rate is a critical parameter of the protocol. Correspondence between simulated rates 
and experimental rates is determined by choice of simulation units. Self-consistent simulation units 
are mapped to SI units by three fundamental conversion factors, indicating the relationship 
between simulated distances, masses, and energies and their SI counterparts, denoted 𝐷, 𝑀, and 
𝐸 . In this study, we equated particles simulated by the shifted Lennard-Jones potential to 
 53 
polystyrene nanoparticles of diameter 200 nm and density 1.04g/cm3. For the energy unit, we used 
the gravitational potential energy of such a particle immersed in water lifted by its own diameter. 
With these units established, the simulation time conversion factor is expressed as 𝑇 = &𝑀𝐷& 𝐸⁄  
. Time steps have a value of 𝑑𝑡 = 3.25 ×	1051	𝑠. 
In addition to the hard-core repulsion between particles, at the later stages of sample drying 
weak adhesive interactions arise between particles because they are compressed into close contact. 
To represent this, a shifted Lennard-Jones potential with 𝑟89: = 2.5𝜎 and 𝜖 = 1 was added (in 
addition to the purely repulsive potential already discussed). This potential resulted in weak 
interparticle adhesion. To accommodate any contraction that resulted from this interparticle 
adhesion, the system was allowed to reduce the x and y extent of the periodic domain in order to 
maintain constant internal virial pressure. Once a relaxed dense configuration was reached, a final 
expansion of the simulation box in the x and y directions was used to crack the sample in a manner 
consistent with observed film shrinkage, as discussed in the results. In order to assess the crystal 
quality of the formed layers, particles were assigned a local crystal structure (face-centered cubic, 
hexagonal close-packed, or disordered) by adaptive common neighbor analysis (aCNA).[23] 
System crystallinity is the fraction of particles with identifiable crystalline environments (i.e. not 
disordered). The description of MD simulation was adapted from our manuscript. 
 A finite-difference time-domain (FDTD) method was used to compute the reflection 
spectra of simulated structures. The FDTD method is a well-developed computational approach to 
modeling how light interacts with micro and nano-scale dielectric structures. By breaking up the 
object and the space surrounding it into small cells, the method solves the Maxwell equations to 
determine the electromagnetic (EM) field as a function of time. The outputs include spectral 
responses in reflection and transmission, both of which can be obtained from a single 
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simulation.[24] The FDTD method is particularly suitable for stimulating structures with 
submicron-sized features.[25] The simulation was performed with a commercial simulation 
software package (Lumerical FDTD Solutions). The structures simulated by HOOMD-Blue were 
inputs to the optical simulation. The refractive index in the computation was set to match the 
properties of polystyrene. The light source is a pulsed Gaussian beam with a plane wave spatial 
support. The angle of the incident light was 8°, which is consistent with the integrating sphere 
experimental configuration. The dimensions of simulation box were x = 20 µm, y = 20 µm, z = 8 
µm. The directions parallel to the boundary (x and y axes) satisfied periodic boundary conditions, 
and the wall normal direction (z-axis) satisfied perfect matched layer (PML) boundary conditions, 
since the structure has a finite thickness in this direction.   
3.4 Results and Discussions 
To investigate how added irregular particles generate disorder in structural color colloidal 
crystals, we prepared, as per the methods, self-assembled structures in which spheres of size larger 
and smaller than the base (host) colloids were incorporated and compared these to the structures 
formed with base colloids only. Figure 2 shows SEM images (top view and cross section) for the 
three cases. In Figure 2A, the colloidal crystal comprised solely of base particles displays highly 
regular order. Figure 2B reports results at the same self-assembly conditions but with 10 vol% of 
large irregular particles incorporated. Because of their large size, the irregular particles substitute 
for several base colloids in the lattice. Visually, the structural order is only modestly affected, 
although some vacancies and stacking faults are observed. The comparable results for added 10 
vol% small (88 nm) irregular particles are reported in Figure 2C, which shows a more amorphous 
particle packing. Comparison of the SEM images indicates that at fixed volume fraction, small 





Figure 3-2. Surface view (left), cross-sectional SEM images (right), and photographs (inset) of 
colloidal crystals without irregular particles, with large irregular particles, and with small irregular 
particles. (A) Colloidal crystals formed from monodispersed polystyrene spheres of 198 nm 
diameter. (B) Imperfect crystals formed from 198 nm polystyrene spheres with 10% volume 
fraction of 372 nm polystyrene spheres added. (C) Imperfect crystals formed from 198 nm 
polystyrene spheres with 10% volume fraction of 88 nm polystyrene spheres added. Scale bars of 
SEM images are 1 µm, the scale bar of inset photographs is 10 mm. (D) Peak reflectance of 
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particles do. The difference appears related to the fact that at a fixed volume fraction the number 
of small irregular particles is more than 75 times greater than that of the large irregular particles. 
An amorphous structure is produced as a consequence. The photographs of specimens (insets in 
Figure 2A-C) are consistent with their microstructures that the amorphous colloidal film with 10% 
small irregular particles displays the lowest brilliance of structural color. 
We compared the effect of irregular particle volume fraction on the reflectivity of colloidal 
films for the larger and smaller additives (Figure 2D). The experimental results show that 
increasing the concentration of irregularly sized particles leads to a monotonic decrease in 
reflectance. Small irregular particles have a more significant influence on optical properties than 
the larger ones.  For instance, upon adding 10% small particles the reflectance is decreased by 27.5 
± 5.8%; upon adding 10% large irregular particles, it is decreased by 18.4% ± 5.6%. Thus, 
structural disorder resulting from irregular particles reduces the reflectivity of colloidal crystals by 
up to about 20%; particles smaller than the base lattice have a greater effect than those which are 
larger. In addition, we compared the reflection spectra of films at thickness 5.7 ± 0.6 µm with 
different volume fractions of large (Figure S-2A) and small irregular particles (Figure S-2B). We 
find that the full width at half maximum (FWHM) generally increases with the increasing volume 
fraction of irregular particles. Taken together, these results show that irregular particles disrupt 
both the intensity and purity of structural color. 
To evaluate the microstructural order, we transform top-view SEM images into FFT images 
and further compute the summation of peak prominence from the FFT intensity profiles. We use 
this quantity to study the relationship among irregular particle concentration, structural order, and 
reflectivity. The measure characterizes FFT peak intensity relative to baseline in a particular radial 
ring of diffraction peaks; it has been used in a number of instances[26], [27] to quantity order from 
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Figure 3-3. SEM images, FFT images, and summation of peak prominence of different structures 
formed from different amounts of added irregular particles by experiment. SEM (top) and FFT 
(bottom) images of assembled structures from (A) monosized 198 nm polystyrene spheres, (B) 
198 nm polystyrene spheres with 10 vol % of 88 nm polystyrene spheres added, (C) 198 nm 
polystyrene spheres with 10 vol % of 372 nm polystyrene spheres added. The scale bars in SEM 
images are 1 µm. (D) Summation of peak prominence (arbitrary units), computed as in the 
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Figure 3A-C reports SEM images and FFT images of different structures formed from 
different amounts of added irregular particles. The FFT power spectrum of the crystals of just the 
base particle size shows a six-fold diffraction pattern in the first ring and a twelve-fold pattern in 
the second ring. These are characteristic of close-packed, monodomain ordering (Figure 3A). 
Structures with added irregular particles are less visually ordered, as per the SEM images. The 
FFT images likewise exhibit rings that are more diffuse relative to the base crystal’s diffraction 
pattern (Figure 3 B, C). Thus, the intensity of the FFT diffraction peaks is correlated with crystal 
quality. We quantity the former with the summation of peak prominence measure, computed as 
described in the Materials and Methods section.  
Figure 3D shows that the summation of peak prominence computed from the FFT images 
of the self-assembly crystals deteriorates progressively as the volume fraction of irregularly sized 
particles increases. This direct relationship was quantified for structures with either large or small 
particles of irregular size. At a fixed volume fraction of irregularly sized particles, the small 
particles lead to a lower summation of peak prominence than large ones. At the highest volume 
fraction (10%), the deviation is 9.1 ± 4.1. The difference is not statistically significant (p = 0.057). 
We note that although the small particles trend below, the difference between the two curves is 
statistically modest. The error bars on the plot are the result of five replicates of structures for each 
volume fraction of irregular particles.  
To understand how added irregular particles generate reduced crystal quality and structural 
color reflectivity, we simulated self-assembly with molecular dynamics at the same size and 





Figure 3-4. Simulated microstructures, FFT images, and summation of peak prominence of 
structures with different amounts of irregular particles. Simulated crystals consist of 198 nm 
spheres with (A) no added irregular particles, (B) 10 vol % of added 372 nm spheres, and (C) 10 
vol % of added 88 nm spheres. The structures were generated by Bryan VanSaders. (D) Summation 
of peak prominence of the FFT intensity profiles of simulated structures with different added 
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simulated structures with solely monosized particles (A), with a 10% volume fraction of large 
particles of irregular size (B), and with 10% volume fraction of small particles of irregular size 
(C). The simulation images were analyzed with the same image analysis method as the experiments 
to determine the summation of peak prominence, the measure of overall crystal quality. In the 
simulations, the difference of summation of peak prominence between structures with small and 
large particles of irregular size is about the same at low volume fraction but grows larger as the 
volume fraction of irregular particles is increased. The summation of peak prominence of the 
simulations decreased by 43.3 ± 1.2 % and 65. 2 ± 4.6% after the structures were added with 10 
vol% large and small particles, respectively.  The trends in the simulations agree well with the 
experimental results. In both experimental and simulation results, we find that crystal quality 
(quantified by summation of peak prominence) was affected by both the volume fraction and size 
of irregular particles. 
Particles of irregular size in colloidal systems introduce structural disorder into the 
structures produced by molecular dynamics, which causes their simulated reflectivity to decline. 
In Figures 5A and 5B, we correlate the volume fraction of irregularly sized particles with the peak 
reflectance of structures. Here we include a kinetic analysis, which shows that the molecular 
dynamics results tend to the results of the experiments for comparable rates of film formation. For 
structures generated at a particular simulation time, peak reflectance decreases as the volume 
fraction of irregularly sized particles increases for systems with large irregularly sized particles 
(Figure 5A) and small irregularly sized particles (Figure 5B). As the simulation film formation 
time is increased from 3 secs to 8 mins (the same as in the experiment), the peak reflectance of 
simulated structures approaches the experimental value. Figure 5 establishes additional 





Figure 3-5. Time-dependence of simulated peak reflectance of colloidal crystals with large (A) 
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prominence agree (Figure 4), but simulated particle configurations also exhibit structural color are 
comparable to experimental values (Figure 5). Figure 6 plots peak reflectance versus crystallinity 
in the simulated self-assembled systems. The plot generates a master curve that is monotonically 
increasing. (Crystallinity was computed by common neighbor analysis, as described in the method.) 
The simulations allow the crystalline fraction of the self-assembled structures to be measured in a 
way that is not possible in the experiments, since SEM can only be performed on the surface and 
in the cross section. The crystallinity of simulated structures was tuned by simulation time (Figure 
S3, Supporting Information). The crystallinity of the self-assembled structures increases with 
simulation time. The simulations at all the time points and all volume fractions of irregular particles 
were aggregated, and the crystallinity and reflectivity of each were computed. Figure 6 plots these 
data, yielding a number of findings. First, reflectivity and crystallinity are directly correlated. This 
result holds for particles of irregular size that are both large and small. Second, the curves for each 
irregular particle volume fraction progressively shift to lower reflectivity and lower crystallinity 
as the volume fraction of irregularly sized particles increases. Third, irregular particles of smaller 
size yield lower reflectivity at fixed crystallinity fraction relative to the irregular particles of large 
size. For example, when compared at fixed irregular particle volume fraction, systems with small 
irregularly sized particles (black curve for 5% irregular particle) have peak reflectance values that 
are about 8.1% lower than those with large irregularly sized particles (blue curve, also for 5%). 
These results may indicate that small irregular particles can fill the void space of crystal structure, 
and thus the refractive index contrast between layers decreases. According to the multilayer 
reflection theory, a decrease in refractive index contrast leads to a lower reflectance.[28]  
Although, as discussed previously, the crystallinity of the experimental samples could not 
be measured, the summation of peak prominence is available from both experiment and simulation.  
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The trends in the summation of peak prominence in Figure 2D (experiment) and in Figure 3D 
(simulation) are comparable. The comparison suggests that the difference in the peak prominence 
of the experiments is also due to the different crystallinity of the materials with different volume 
fractions of irregular particles. Since peak prominence and structural color reflectivity are also 
strongly correlated, the degree of crystallinity is by inference a critical factor in determining the 
optical properties of the self-assembled materials. Therefore, taking the findings of Figure 5 and 
Figure 6 together, the presence of irregularly sized particles leads to a decay in the reflectance of 
assembled structures, and small irregularly sized particles have a more profound influence on 
optical properties than larger ones. The irregular particles generate their effects on reflectivity by 
impacting crystal quality, as measured by the intensity of crystal diffraction. This effect on crystal 











































Figure 3-6. Master curve of peak reflectance versus crystallinity for all simulated crystals with 
different volume fractions of irregular particles (“S” refers to small irregular particles, “L” refers 
to large irregular particles). 
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3.5 Conclusions 
We have quantitatively studied the influence of irregularly sized particles on structural 
order and optical properties of self-assembled colloidal films. These findings can guide the design 
of optical reflectivity in colloidal systems containing particles of irregular size. These irregularly 
sized particles, which are incorporated during the process of evaporative assembly, lead to less 
intense structural color reflectivity. The loss of reflectivity is correlated with a loss of crystal 
quality, as measured by the prominence of diffraction peaks in the FFT of real space SEM images. 
Simulations confirm that the diffraction peak prominence is a function of the crystallinity of the 
self-assembled crystals. Thus, mechanistically, irregular size particles decrease the crystalline 
fraction of the base colloidal crystal. This decrease is apparent in the diffraction peak prominence, 
which itself correlates with the measured structural color reflectivity. In addition, irregular 
particles of small size create more defects than large irregular particles, and therefore, at fixed 
volume fraction, they are more detrimental to the optical reflectivity. This study has discovered 
and verified design rules that relate structural color reflectivity to the underlying quality of the 
crystal structure that produces the color. The crystal quality can be controlled by varying the 
volume fraction and the size of irregularly sized particles. The results can yield a road map 







Figure 3-S1. Reflectance of 5.7 µm-thick colloidal films with different volume fractions of 
irregular particles was computed using linear interpolation. “L” and “S” refer to large and small 
















                                        
 
Figure 3-S2. Reflection spectra and full width at half maximum of colloidal films with different 
volume fractions of irregular particles. Reflection spectra of colloidal films with different 
volume fractions of large (A) and small (B) irregular particles. The thicknesses of these films are 
5.7 ± 0.6 µm. (C) Full width at half maximum (FWHM) of the reflection spectra shown in (A) 
and (B). 
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 Figure 3-S3. The correlation of crystallinity and simulation time of colloidal systems with 
different volume fractions of irregular particles, produced by Bryan VanSaders. The curves with 
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Chapter 4 Structural Color Spectral Response of Dense Discoid Packings 
Generated by Evaporative Self-Assembly 
4.1 Abstract 
Structural color – optical response due to light diffraction or scattering from submicron 
scale dielectric periodicity – is a promising candidate for sustainable coloration in materials and 
coatings. To explore the scope for expanding the functionality of this spectral response, we 
introduce shape anisotropy into the dielectric building blocks, and characterize how the reflection 
peak intensity and spectral bandwidth of structural color can be engineered. Uniaxial compression 
of spheres is used to prepare a set of discoidal particles with homologous variation in shape 
anisotropy and particle size. The discoids are self-assembled into thin films (thickness = 1.5 µm) 
by means of evaporation. We examine the effect of discoid aspect ratio and find that the structural 
color of the self-assembled films displays a component due to diffuse backscattering and one due 
to multilayer reflection. As the discoids become more anisotropic, the reflection peak height 
becomes progressively smaller and the bandwidth broader. Decreasing the aspect ratio of the 
discoid also results in a more disordered structure, as observed by electron microscopy and Monte 
Carlo simulation. This disorder suppresses the multilayer reflection peak, resulting in structural 
color that is predominantly from diffuse backscattering. We further show that structural color can 
be shifted from blue to red when produced from packings of discoids of fixed aspect ratio but 
variable size. Finally, we find that structural color produced from discoid structures has a low 
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angular dependence, which is consistent with the disordered packings of discoids. We corroborate 
our results by comparing the experimentally determined microstructures with Monte Carlo 
simulations as well as the reflection spectra calculated by finite-difference time-domain 
simulation. Our findings demonstrate that the two tunable geometries of discoid particles – size 
and aspect ratio – generate different effects on the spectral response and therefore can function as 
independent design parameters which expand possibilities for producing non-iridescent structural 
color by means of colloidal assembly. 
This chapter was adapted from a manuscript: Tianyu Liu, Tianyu Liu, Fengyi Gao, Sharon 
C. Glotzer, and Michael J. Solomon. "Structural Color Spectral Response of Dense Discoid 
Packings Generated by Evaporative Self-Assembly", in preparation. Tianyu Liu and Michael J. 
Solomon conceived the research and designed experiments. Tianyu Liu and Tianyu Liu conducted 
the experiments. Fengyi Gao and Sharon C. Glotzer designed the computer simulations. Fengyi 
Gao performed the simulations.  
 
4.2 Introduction 
Structural color arises from the physical interactions of light with submicron structures. In 
living systems, such coloration is often produced by means of building blocks that are packed into 
layered structures. Examples in the natural world include butterflies[1], beetles[2], and 
cephalopods[3]. Numerous studies have recapitulated structural color in artificial systems.[4]–[8] 
Structural color is potentially applicable to materials and coatings because this coloration 
mechanism is more durable and poses a lower environmental burden than pigments and dyes that 
are conventionally used.[9] There are also additional optical applications for materials displaying 
structural colors, such as for paints[10], [11], and inks[12].  
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Structural color can be produced by a variety of mechanisms, including additive 
manufacturing[13], lithography[14], [15], and self-assembly[16]–[18]. Self-assembly is defined as 
the spontaneous organization of building blocks and can be accomplished with a variety of 
materials, including block-copolymers and colloids. Colloids can be assembled into compact 
packings using a variety of methods such as evaporation[19], electrophoretic deposition[16], 
sedimentation[17], and dip coating[18]. Compared with other assembly methods, evaporative self-
assembly is a simple and cost-effective method to generate dense-packed structures on a large 
scale.[20]   
Colloids can be produced in a variety of shapes, and particle shapes can affect packing 
structures and the functionality of those structures.[21] Spherical building blocks have been used 
for structural color in many studies, [22]–[25] while only a few studies have explored structural 
color using anisotropic colloids[26], [27]. Given the fact that structural color in living systems is 
often produced from anisotropic building blocks, anisotropic colloidal particles offer strong 
potential for constructing biomimetic structures. In addition, the particle shape of anisotropic 
particles can be used as a design parameter additional to particle size for the design of self-
assembly and structural color. 
 One promising type of anisotropic particle to self-assemble for structural color is the 
discoid particle, which is an oblate spheroid with two long axes of equivalent length. Discoid 
particles possess simple and well-controlled geometries characterized by two parameters – size 
and aspect ratio. This kind of anisotropic building block is a good mimic of plate-like proteins 
found in organisms such as cephalopods, which produce iridescent structural color.[3] Other 
representative examples of discoid particles include red blood cells[28], drug delivery carriers[29], 
and encapsulation systems[30].  
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The packings of discoid particles have been studied by simulation. Disordered packings of 
discoids can yield a packing density as great as  0.71, which is greater than that for a random close 
packing of spheres (0.64)[31], [32]. However, it is still unclear how what the spectral responses of 
such disordered discoid packings are. To address these questions, we produce discoid packings by 
self-assembly and study their optical reflectivity using both experimental and computational 
approaches. This study can provide guidance about how to use discoid particles as building blocks 
to engineer structural colors of particular spectral response. 
In this study, we fabricate highly uniform discoid particles by uniaxial compression of 
spheres embedded in polymers films. The homogeneous deformation caused by the application of 
controlled compression enables the initially spherical particles to transform into discoids of 
reproducible aspect ratio. The discoid particles are organized into densely packed films by 
evaporative assembly. Compared to structures assembled with spheres, the discoid arrays are 
relatively disordered and therefore have lower structural color intensity; however, the spectral 
response displays two contributions which are strongly size and aspect ratio dependent in ways 
that are complex that of spheres, whose response is only size dependent. We use scanning electron 
microscope (SEM) and UV-Vis spectrophotometry to characterize how discoid aspect ratio and 
particle size affect the packing and structural color reflectivity of the self-assembled thin films. 
Reducing the aspect ratio of the discoids results in more disordered structures with different 
proportions of the diffuse backscattering and multilayer reflectivity contributions to the spectral 
response. Increasing particle size furthermore leads to a redshift in the reflective spectral response. 
We demonstrate that the discoid structure also has a low angular dependence of the measured 
reflectivity due to its disordered packing. 
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In addition, Monte Carlo (MC) simulations[33]–[35]  are used to approximate the 
conditions of the evaporative assembly of the discoids. The simulated structures are compared to 
the results of SEM imaging of the thin films and used as inputs for optical simulation by means of 
the finite-difference time-domain method. The simulated reflection spectra agree well with the 
experiment and identify the degree of disorder in the discoid packings as the origin of the variable 
intensity and spectral width of the thin film structural color produced by the discoid packings.  
Our work demonstrates that discoid particles and their packings produced by self-assembly 
are of potential interest as a flexible platform to produce non-iridescent structural colors. The near 
angular independence of their spectral response is of practical interest for applications such as 
coatings and paints. The intensity and spectral purity of the structural color may be engineered by 
controlling the size and aspect ratio of the discoid in ways that are more flexible than for spherical 
particles.  
4.3 Experimental and Simulation Methods 
4.3.1 Discoid synthesis 
The discoidal particles used in this study were synthesized by uniaxial compression of 
polystyrene (PS) spheres embedded in polyvinyl alcohol (PVA) films by a Carver benchtop 
standard heated press (Model 3912) [36]. The unfunctionalized PS spheres (with the size of 215 
nm, 258 nm, 286 nm, and 358 nm, standard deviation = 10 nm) were supplied from Bangs 
Laboratories, Inc. at 10 wt% solid suspension in de-ionized (DI) water with surfactant and sodium 
azide. Particles in the suspension were washed three times by DI water to remove any remaining 
stabilizers and soluble impurities. To disperse colloidal spheres into a PVA film, we loaded 0.6 ml 
of 10% particle suspension into 6.6 ml of 10 wt% aqueous PVA (Mw = 30,000 – 70,000, Sigma-
Aldrich, Cat. #P8136). Then the well-mixed PS-PVA solution was transferred to a 35 mm Petri 
 77 
dish (Fisher Scientific, Cat. #08757100A) and placed in an oven held at 40°C. The PS-PVA 
composite film was formed by evaporation of the water. A 35 mm dry PS-PVA film was placed 
between two silicone rubber sheets (Marian, Chicago) and then pressed in the Carver Press at 
120 °C (above the glass transition temperature of both PVA and PS) for 25 minutes, resulting in a 
deformation of spherical particles to discoidal shape. We controlled the aspect ratio of discoids by 
varying the applied force ranging from 4,450 to 13,300 newton. The squeezed film was allowed 
to cool to room temperature, and then dissolved in a water/isopropanol mixture (7:3, w/w). Finally, 
to remove residual PVA, the discoid particles were cleaned five times in DI water by centrifugation. 
The discoid particles were suspended in water to make dilute suspensions, which were stored at 2-
8°C and used within a week. The dimension of the discoid particles was measured by analyzing 
SEM images with an open-source image processing software Fiji[37]. The major axes (𝑎) of 25 
discoid particles were measured. Based on a constant volume assumption, the minor axes (𝑐) were 
calculated[35]. The dimensions of all the specimens in this study are summarized in Table S1 in 
the supporting information section. 
4.3.2 Discoid evaporative self-assembly 
Evaporative deposition was used to assemble the synthesized discoids into thin films. 
Typically, a glass substrate was pretreated with ultraviolet (UV) light for 7 minutes in a UVO 
cleaner (Model 42, Jelight). This treatment resulted in the hydrophilic modification that enabled 
the colloidal suspension to spread uniformly on the substrate. A silicone isolator (Grace Bio-
Laboratories) with 13 mm diameter and 0.5 mm thickness was sealed onto the glass substrate to 
define a solution chamber. The particle suspension was diluted to a volume concentration of 1.0 %, 
which was determined by hemocytometer counts using confocal laser scanning microscopy. 15 µL 




Original Sphere Diameter (nm) Discoid a = b (nm) c (nm) Aspect Ratio 
215 ± 3 126 ± 1 78 ± 1 0.62 ± 0.01 
258 ± 6 148 ± 2 98 ± 1 0.66 ± 0.02 
286 ± 8 162 ± 5 112 ± 3 0.69 ± 0.03 
286 ± 8 181 ± 4 90 ± 2 0.50 ± 0.02 
286 ± 8 210 ± 3 67 ± 1 0.32 ± 0.01 
358 ± 10 205 ± 4 137 ± 2 0.67 ± 0.02 
 
Table 4-1. Comparison of discoid particle information. The original sphere size, aspect ratio, 
length of the major axis (a) and minor axis (c) of the discoid particle used in the experiment are 















on a leveled table; evaporative assembly occurred at room temperature. After 20 minutes, a dry 
film consisting of packed discoids was produced. 
4.3.3 Microstructural characterization of discoid films 
To characterize the microstructural properties of the discoid films, we inspected them using 
a scanning electron microscope (Tescan MIRA3 FEG SEM). Samples were sputtered with gold 
before imaging. Coated samples were positioned horizontally on the sample stage. For cross-
sectional imaging, samples were cut along their diameter into two pieces and positioned vertically. 
The electron beam voltage was set at 8kV to achieve the best image quality. 
4.3.4 Optical measurement of discoid films 
A UV/Vis Spectrometer (model Ocean-HDX-Vis-NIR) was used to measure the reflection 
spectra of discoid samples. A Tungsten halogen light source (HL-2000-FHSA-LL) coupled with 
optical fibers and collimating lens, was employed to create a beam of unpolarized and parallel 
incident light with a beam diameter of 4 mm. The total reflection spectrum was measured by an 
integrating sphere (ISP-30-6-R) with 8° light incidence relative to the normal plane. This 
measurement allowed us to collect both specular and diffusive reflection signals. In addition, we 
used a reflection probe (QR400-7-UV-Vis), with a 6-fiber leg connected to a light source and a 1-
fiber leg connected to the spectrometer. This instrumentation allows us to measure the angular 
dependence of structural color by capturing the diffusive reflection signal at various angles. 
Reflection spectra of samples were normalized with the total reflection of a 
polytetrafluoroethylene diffuse reflection standard (WS-1) (The description of optical 
measurement was adapted from our manuscript). The peak prominence and full width at half 
maximum (FWHM) values were computed using the scipy.signal.find peaks algorithm.[38] This 
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algorithm is used to find the local maximum and local minimum by comparison of neighboring 
values. The peak prominence measures the vertical distance between the peak height (local 
maximum) and peak base (local minimum). FWHM is the peak width at half the prominence height. 
In addition, photographs of the discoid specimens were captured under the illumination of a D65 
lamp (Philips, TL-D 90), with a 30 cm relative distance and a fixed light incident angle of 8°.  
4.3.5 Derivation of color images from measured reflection spectra 
The colors consistent with the experimental and simulation reflection spectra were derived 
via an open-source Python package Colour-Science.[39] Briefly, the computational method is the 
following: colors perceived by the human eye depend on illumination and receptor cells.[40] To 
represent a displayed color, the measured reflectance R(λ) is modulated by the illumination 
spectrum of the D65 Standard Illuminant, as published by the Commission Internationale de 
l’Eclairage (CIE). The resulting spectrum is transformed to a point in the normalized CIE xyY 
color space (x and y values define the color hue, and the Y value is the color luminance) via color 
matching functions. The CIE color matching functions are spectral sensitivity curves of three light 
detectors which numerically describe the chromatic response of the standard observer.[41] To 
derive a color image characteristic of a measured reflection spectrum, the CIE xyY point is finally 
converted to the RGB color space. 
4.3.6 Monte Carlo simulation 
 We perform Monte Carlo simulations of hard anisotropic particles using the hard particle 
Monte Carlo (HPMC) module of HOOMD-Blue.[42], [43] Specifically, we simulate systems 
comprised of discoids with different geometries (sizes and aspect ratios) consistent with the 
materials used in the experiments. We consider only hard interactions between discoids, i.e., 
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overlapping particle configurations are forbidden (𝑈 =	+∞). The system is therefore purely 
entropic. 
 In order to model discoid assembly driven by solvent evaporation, domains of ≈ 250𝑘 
particles were simulated using an NVT ensemble in a box with periodic x and y boundaries, and 
two walls confining the sample in the z-direction. We initialized the systems for self-assembly in 
a dilute, well-mixed configuration of the particles. We then compressed the systems along the z-
direction to a target packing fraction 𝜙 = 61% , representing a process of boundary-driven 
densification of the colloidal suspension. The target packing fraction was determined to produce a 
density consistent with the experimental observation that between 5-10 particle layers (for 
different discoid aspect ratios) were localized in a ~1.5 um-thick film.  
 Once the target packing fraction was reached, we further equilibrated the systems for at 
least a million HPMC steps and calculated the normalized packing density profiles afterward. The 
normalized Z-density profile was evaluated by calculating the packing density of particles in a bin 
with thickness ∆𝑍 = 10 nm in the Z-direction, normalized by the bulk density. In addition, we 
characterized the orientational order of the assembled structures by computing the nematic order 
parameter using the open-sourced freud analysis library.[44] The nematic order parameter is 
defined as 𝑆 = 	 *
&
(3〈cos&𝜃〉 − 1), in which 𝜃 measures the angle between the discoid short axis 
and the z-axis. The computational workflow and data management for this publication are 
supported by the signac data management framework.[45] OVITO software is utilized for system 
visualization.[46] The description of MC simulation was adapted from our manuscript. 
4.3.7 Finite difference time domain simulation 
The Finite Difference Time Domain (FDTD) method was used to simulate the reflection 
spectra of the final structures produced by the Monte Carlo simulation. The FDTD simulation was 
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performed with a commercial software package Lumerical FDTD (Ansys, Inc.). A plane wave 
with an 8° incident angle was illuminated into a unit simulation cell. X and y directions satisfied 
periodic boundary conditions, and z-direction was set with perfect matched layer (PML) boundary 
conditions, since the structure has a finite thickness in the z-direction. By solving the Maxwell 
equations, the electromagnetic field reflected by the simulation cell was calculated and further 
transformed into reflection spectra.[47] 
4.4 Results and Discussion 
Discoid particles were produced from spheres by thermomechanical compression, as 
shown schematically in Figure 1A and discussed in the methods. Figure 1B shows the SEM image 
of the synthesized discoids. The dimension of the discoid is characterized by the radius of the 
major axis (a) and the radius of the minor axis (c). The aspect ratio (l) is defined as the ratio of c/a. 
Characteristic results of the evaporative self-assembly are reported in Figure 1D; the initial 
suspension of discoids has a milky white color prior to evaporation. After the solvent evaporates, 
a dry film consisting of discoids is formed. The dry film of Figure 1D was assembled from discoids 
with a = 181 ± 4 nm and l = 0.50 ± 0.02. The film displays a blue structural color. The effective 
measurement area (6 mm in diameter, beam size of spectrophotometer) is labeled with a dashed 
circle in Figure 1D.  
We inspected the microstructure of the film by taking top view and cross-sectional SEM 
images (Figure 2A). The top view image indicates that the top layer of the discoid packing has 
local order. However, as shown by the cross-sectional SEM image, discoid particles below the top 





Figure 4-1. Fabrication and self-assembly of discoid particles. (A) Schematic of the fabrication of 
colloidal discoids by applying a uniaxial compression to polystyrene spheres embedded in a PVA 
film. (B) Representative SEM image of polystyrene discoids produced by the method. (C) The 
aspect ratio (l) of a discoid particle is the ratio of the radius of the minor axis (c) and the radius of 
the major axis (a). (D) Images of discoid sample undergoing self-assembly (a = 181 ± 12 nm, l = 
0.50) before and after evaporation. The dotted circle illustrates the effective measurement area of 















































Figure 4-2.  Comparison of microstructures and reflection spectra of discoid films produced by 
experiment and simulation. Top and cross-sectional views of a discoid film (a = 162 ± 12 nm, l = 
0.69) produced by evaporative self-assembly. (A) SEM images of the experimental specimen. (B) 
The comparable structure was generated by MC simulation of the self-assembly, produced by 
Fengyi Gao. (C) Comparison of the reflection spectra measured by spectrophotometry for the 
structure in (A) and simulated using the FDTD method for the structure in (B). 
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Figures 2B reports the results of the Monte Carlo simulations at conditions that yield 
discoid packing structures that appear similar to those of the experimental SEM images. We 
computed nematic order parameter of the simulated system and found S = 0.15, indicative of low 
orientational order. (The value of completely disordered structures is S = 0; a fully aligned packing 
has S = 1. The nematic order parameter indicates that most of the discoids in the assembled 
structures are orientationally disordered, with only a few aligned horizontally. These features are 
consistent with the experimental structures, characterized by SEM. 
In Figure 2C, the measured and simulated reflection spectra for the experiments and 
simulations are reported. The correspondence between the two spectra is high. Both spectra show 
strong scattering intensity as the wavelength is decreased into the range of 400 nm – 500 nm. At 
higher wavelengths, both spectra show a peak. For the experiment it is located at 631 nm; for the 
simulated structure it is at 625 nm. This good agreement between the experiment and simulation 
spectrum indicates that the combination of MC and FDTD simulation is a good model of the 
experimental conditions.  
To examine the effect of aspect ratio on structural color reflection, we fabricated discoid 
particles with aspect ratios l = 0.69 ± 0.03, 0.50 ± 0.02, and 0.32 ± 0.01 and compared to the results 
for spheres. After the sphere or discoid suspensions were evaporatively assembled into thin films, 
their reflection spectra were measured; results are reported in Figure 3A. Compared with the sphere 
crystal, discoid packings with higher anisotropy (smaller value of aspect ratio) shows relatively 
smaller and broader peak reflectivity. The peak prominence and full width at half maximum 
(FWHM), each computed as per the methods, are reported in Table 2. Color images were derived 
from the reflection spectra (Figure 3B). These derived colors compare favorably with images of 








Figure 4-3. Effect of aspect ratio on structural color and microstructures, examined by reflection 
spectra, photographs, and SEM images.  (A) Reflection spectra of the sphere crystal (l = 1) and 
discoid films with an aspect ratio of 0.61, 0.42, or 0.27, measured by Tianyu Liu. The volume of 
particles with different aspect ratios is constant, 0.012 µm3, which corresponds to an initial sphere 
size of d = 286 nm. (B) Colors derived from the measured reflection spectra in (A). (C) Images of 
the specimens under the D65 lamp illumination, took by Tianyu Liu; scale bar is 1 mm. The top 
view (D) and cross section (E) SEM image of discoid films assembled from discoids with different 




















1.00 660 ± 3 30 ± 2 53 ± 5 
0.61 643 ± 2 4.7 ± 0.4 104 ± 7 
0.50 651 ± 7 0.60 ± 0.03 111 ± 6 
0.32 ND ND ND 
 
 
Table 4-2. Comparison of peak wavelength, prominence, and full width at half maximum 














ratio of particles results in color shifting from red to purple and finally to blue. Figure 3D and 3E 
show the top-view and cross-section images for the corresponding aspect ratios. Upon decreasing 
the aspect ratio, particles become flatter in shape and tend to pack into as a more disordered 
structure. For the particle size studied (d = 286 nm), light at low wavelengths is strongly scattering 
due to the nature of disordered particle packing. The backscattering contributes to the blue color 
of the color image. The peaks with wavelengths at 640-660 nm due to multilayer reflection in the 
discoid packing contribute to the red color. We will discuss the theoretical calculation of the peak 
wavelength of multilayer reflection in the section of Figure 5.  These results indicate that particle 
anisotropy affects the relative prominence of the multilayer reflection (red) and backscattering 
(blue) contributions. The spectral response reveals the origin of the color shift as the aspect ratio 
is changed. That is, the multilayer reflection peak becomes less intense as the aspect ratio 
decreases. The purplish hue apparent in the color images is the consequence of the mixing of these 
spectral contributions. The hue can be controlled therefore by varying the discoid aspect ratio. For 
discoids with the smallest aspect ratio (l = 0.32), in the extreme case, only blue color from 
backscattering is observed after the complete disappearance of the multilayer reflection peak.  
To further understand the connections among discoid aspect ratio, packing structure, and 
optical properties, we simulated the reflection spectra and examined the degree of structural order 
in the discoid packings by studying their Z-axis density profile. Figure 4 A reports the simulated 
reflection spectra of discoid packings of different aspect ratios as generated via MC simulation 
and computed by the FDTD method. Upon decreasing aspect ratio l (that is, as the discoid particles 
become flatter), the reflection peak becomes smaller and broader until it completely disappears 






Figure 4-4. Simulated reflection spectra of discoid films consisting of monosized spheres as well 
as discoids with different aspect ratio (l = 0.69, 0.50, or 0.32). The particle volume is constant at 
0.012 µm3 which corresponds to an initial sphere size of 286 nm. (A) Reflection spectra simulated 
by the FDTD method (B) Snapshots of the Monte Carlo simulation structure used in the FDTD 
simulation. (C) Normalized and offset Z-density profile of discoid particles confined between two 






Figure 4-5. Effect of discoid size on structural color, examined by reflection spectra, converted 
color images, and photographs. (A) Reflection spectra of the dry films of different-sized discoids, 
synthesized from initial particle diameters of 215 nm, 258 nm, 286 nm, and 358 nm. The aspect 
ratio of the discoids is 0.69. (B) Colors derived from the measured reflection spectra of A, 
computed by means of the Methods. (C) Images of sample coloration under illumination with a 
D65 lamp. The scale bar is 1mm. (D) Experiment, simulation, and theoretical peak wavelengths 





























































4A) provides an additional indication that the simulated structures represent experimental 
structures well.  
As shown in the simulation top view and cross-section snapshots (Figure 4B), the discoid 
microstructures tend to become more disordered as the aspect ratio decreases, consistent with the 
decrease in the multilayer interference peak of the spectral response. To quantify the structural 
disorder, we plotted the normalized density profile along the Z-axis for each of the particle aspect 
ratios studied (Figure 4C). As seen in the Figure, for the structure assembled from spheres and the 
largest aspect ratio discoid (l = 1.00, l = 0.69), the density profile has multiple peaks with almost 
equal spacing. This suggests significant positional order along the z-direction, especially for the 
sphere packing. By contrast, the smaller aspect ratio discoids (l = 0.50, l = 0.32), exhibit a density 
profile that is almost a flat curve except near the boundaries of the thin film. This finding indicates 
that the discoid particles are disordered in the center of the film; the only order in the film is in the 
boundary layers. The constant density profile in the inner region demonstrates that decreasing 
aspect ratio (increasing anisotropy) leads to a more disordered packing. 
We report the effect of discoid size on structural color in Figure 5. Figure 5A shows the 
reflection spectra of discoid films produced from particles of the same aspect ratio (l = 0.69) but 
of varying size.  The discoids were prepared from spheres of diameters 215 nm, 258 nm, 286 nm, 
and 358 nm. The curves show contributions from both multilayer reflection and diffuse 
backscattering, as illustrated previously. The wavelength of the multilayer reflection peak redshifts 
as the particle size is increased. Additionally, a binary peak was observed size 358 nm discoid 
sample. In this specimen, the multilayer reflection peak at 870 nm was beyond the range of visible 
light. The backscattering peak at 520 nm caused by Mie scattering is consistent with the observed 
cyan color. We derived color images (Figure 5B) under D65 illumination from the measured 
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spectral response, as per the methods, and compared them to images acquired directly by a camera 
(Figure 5C). The two sets of images agree well.  
In Figure 5D, the peak wavelengths from the experiment, simulation, and Bragg’s law 
model are plotted as a function of the initial sphere diameter. For aspect ratio l = 0.69, discoid 
packings have distinctive layers with almost equal interlayer spacing (Figure 4C). Thus,. the peak 
wavelength of discoid packings can be compared to that predicted by Bragg’s equation:[19] 
𝑚𝜆? = 2𝑑a𝑛$%%& − sin& 𝜃?d
*/&                                   (1) 
where m is the order of diffraction, 𝜆? is the reflected wavelength; 𝑑 is the interplanar spacing; 
𝑛$%% is the effective refractive index, calculated by the relation 𝑛$%% =	&∅𝑛.+ + (1 − ∅)𝑛,/0 , 
where 𝜙 is volume fraction discoid packing (here 𝜙 = 0.61 for the simulated discoid packings); 
and 𝜃? is the angle of incident light relative to the normal plane. The average interlayer spacing, 
d, used in eqn (1) for each discoid packing is derived from the simulated density profile in the 
direction that is perpendicular to the wall, comparable to Figure 4C (the simulation data are 
reported in Figure S1). First-order diffractions as per eqn (1) are theoretical peak wavelengths of 
the discoid packings, which agree well with the peak wavelengths measured by the experiment 
and simulation.  
Taken together, Figures 3-5 show that colors of variable hue and intensity can be formed 
either by varying the size of the discoid and its aspect ratio. We emphasize that the result of varying 
these two variables is not identical, and this is a direct consequence of the discoid shape. Changing 
discoid size (at fixed aspect ratio) shifts both the wavelength of the backscattering and multilayer 
reflection contributions in proportion and keeps their relative magnitudes about the same (Figure 
5).  Changing discoid aspect ratio (at fixed size) shifts the wavelength only modestly but affects 
the relative contribution of reflection and backscattering significantly. These are independent 
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trajectories in the space of the color appearance parameters, and therefore could be combined to 
create color appearance unavailable if only size alone were available as a design parameter. To 
further understand and predict the backscattering, future study could use scattering theory to model 
the aspect ratio and size dependence of discoid particles with disordered and layer structures. 
To characterize the angular dependence of the structural color of discoid films, we 
measured the reflection spectra of films prepared by self-assembly of discoids (l = 0.69, 
synthesized from the initial spheres with a diameter of 286 nm). As shown in the Figure 6A 
schematic, we fixed the position of the reflection probe and rotated the sample relative to the probe 
by angle 𝛼. This method is commonly used to measure the diffuse reflection of specimens as a 
function of viewing angle.[48] Figure 6B shows the reflection spectra for discoid films at angles 
ranging from 20° to 60°. It can be seen that the reflection intensity drops as the angle 𝛼 increases. 
However, the peak wavelength remains almost unchanged, with only a small shift from 641 nm to 
626 nm as the angle is changed from 20° to 60°.  
The diffuse reflection of the films produced under the same self-assembly conditions with 
spheres was measured and is reported for comparison with the discoid films (Figure 6C). The peak 
intensity for sphere films is much stronger than the discoid films. For films of self-assembled 
spheres, the peak intensity drops significantly with increasing measurement angle. We note that at 
angles of 20° and above, an interesting dip appears in the reflection spectrum at a wavelength that 
is between two adjacent local maxima. This local minimum is likely a consequence of the particle 
ordering in the film, because its position blue shifts from 651 nm to 568 nm as the angle increases 
from 20° to 60°, consistent with Bragg’s law. At this wavelength, most of the incident light 
propagates out of the sample at Bragg angle; there is thus less light that is scattered diffusively. 




Figure 4-6. Angular dependence comparison between the structural color of discoid films and 
sphere crystals. (A) Schematic of the experimental device for angular-dependent measurement of 
diffuse reflectance using a reflection probe with a fixed position. The sample is rotated to 
accomplish measurements at different angles. The measurement angle 𝛼 varies from 20 to 60 
degrees relative to the plane of the specimen. (B) The reflection spectra for a discoid sample with 
l = 0.69 and (C) for a sphere crystal with l = 1.00, measured by Tianyu Liu; both specimens were 
self-assembled by the same evaporative method. In (B) and (C), the inset images are top view (left) 
and cross section (right) of SEM images; the scale bar is 0.5 µm; (D) Comparison of angular 









































































rotating the sample to different angles. This result shows a similar trend as a previous report of 
inverse crystals[48]. 
The quantitative comparison of the angular dependence of the diffusive reflectivity of the 
sphere and discoid films is shown in Figure 6D.  For discoid samples, the relative shift of the 
measured multilayer reflection peak Δ𝜆/𝜆@ is only 2% over the angular range probed, whereas the 
sphere films are shifted by 13%. Thus, the discoid films – which are disordered – display lower 
angular dependence of the diffusive reflection than spherical films – which are ordered. The 
ordered crystal planes in the spherical packings reflect light dominantly at the angle identical to 
the angle of incident light in the opposition direction.  The variation in the incident angle relative 
to certain crystal plane changes, as well as the angle of reflection, leads to high angular dependence 
of colloidal crystals. However, as characterized by SEM imaging (insets in Figures 6B and 6C), 
the disordered packing of discoids is nearly isotropic. This feature enables its structural color to 
be consistent over a wide range of viewing angles. In addition, these results indicate that discoid 
packings can be used to produce non-iridescent structural color. We note that this feature is an 
indirect consequence of the discoid shape, rather than a direct consequence. That is, the origin of 
the angularly independent diffuse scattering is the disordered packing of the discoids. The control 
sphere film has greater angular dependence because its self-assembled structure is ordered. We 
would expect similar behavior in both sphere and discoid films if the former were also self-
assembled into a disordered structure. The most substantive difference between the discoid and 
sphere films is therefore the fact that the spectral response of the discoid films shifts with both 
aspect ratio and size, while that of spheres shifts only with size. Moreover, the functionality of the 
two shifts in the discoid film spectral response are distinguishable, therefore offering new 
opportunities to engineer non-iridescent color in thin films produced by colloidal self-assembly. 
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4.5 Conclusions 
In this study, we present facile procedures to synthesize discoid particles with controlled 
geometries and generate their dense packings by simple evaporation for structural color 
applications. Similarly, we modeled the experimentally produced structures by Monte Carlo 
simulation and calculated the reflection spectrum by the FDTD method. Both experiment and 
simulation approaches were used to examine the effects of aspect ratio and particle size on 
structural color. We demonstrated that the peak wavelength of structural color increases linearly 
with increasing discoid size. This peak wavelength is well-approximated by Bragg’s law for the 
average interlayer spacing of the packings, as calculated from the simulated density profile in the 
wall normal direction. This approximation can be applied to predict the structural color from 
discoid packings. In addition, we identify that a decrease in aspect ratio (larger anisotropy) results 
in more broadband multilayer reflection, because the structural color is generated by a relatively 
increasing contribution from backscattering. These findings indicate that by varying discoid aspect 
ratio, the multilayer reflection intensity in the structural color response can be tuned independently 
of the backscattering contribution. This response is ultimately linked to the fact that the layered 
structure of the packings progressively disappears as the discoid anisotropy increases. The 
contribution of the backscattering can be understood by applying scattering theory to model aspect 
ratio and size effects of the anisotropic particles self-assembled into dense thin films. Furthermore, 
discoid packings are more disordered than spherical crystals produced by the same self-assembly 
method, and thus produce less angular-dependent structural colors. These non-iridescent structural 
colors from discoid structures provide color consistency over a wide range of viewing angles, such 
as required by applications such as coatings and displays. Our study demonstrates that the 
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tunability of the discoid geometry extends the possibilities for colloidal assembly to create new 







Figure 4-S1. Normalized Z-density distributions of discoid packings from different sized particles 
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Chapter 5 Conclusions and Future Directions 
 
In this dissertation, we reported the connections between colloidal microstructural 
properties and structural color. By combining experiment and simulation approaches, we 
systematically and quantitatively examined the effects of crystal thickness, the density of different 
defects, irregularity of particle size, and particle shape on structural color properties. These 
findings provide helpful guidance to tune structural color by controlling colloidal assembly. 
 In Chapter 2, we addressed how structural color reflectivity quantitatively depended on the 
film thickness and defect density of different defects in colloidal crystals. We produced colloidal 
crystals with varying thicknesses by evaporative self-assembly and molecular dynamics 
simulation. Reflection spectra of experimental crystals and simulated crystals were obtained from 
UV/Vis spectrophotometry and finite-difference time-domain (FDTD) calculation of optical 
response. We demonstrated the existence of the critical thickness at which structural color 
reflectivity reached its maximum. When a crystal film was thinner than the critical thickness, 
increasing film thickness could efficiently increase reflectivity. In addition, we simulated crystals 
with particular types of defect structures (vacancies, stacking fault tetrahedra, planar faults, or 
microcracks). By comparing the reflectivity of structures with different densities of these defects, 
we found that the reduction of structural color reflectivity was more sensitive to defect density 
than defect types. Vacancies, stacking fault tetrahedra, and microcracks increased the defect 
density and further reduced the structural color reflectivity. On the other hand, planar faults led to 
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no change in defect density and did not impact structural color. This study suggests mechanisms 
that structural color reflectivity can be designed by controlling crystal thickness and defect density. 
 Future work could apply this study to increase structural color intensity of colloidal crystals 
assembled by electrophoretic deposition. Previous studies have reported that a direct current (DC) 
electric field can be used to assemble colloidal particles into crystals with structural colors. The 
limitation for structural color by this approach is that the colors are generally faint [1], [2]. Based 
on our findings that crystal thickness and defects quantitatively affect structural color intensity, it 
would be of interest to improve structural color by controlling the thickness and defects in colloidal 
crystals. First, to produce a thick assembled crystal, the initial volume fraction of the colloidal 
suspension should be increased to a certain level. The applied voltage of direct current should also 
be optimized correspondingly to ensure enough driving forces. The assembly would take longer 
due to more particles needing to be packed into crystal structures. Second, the defect density in 
colloidal crystals could potentially be tuned by controlling the applied voltage during the assembly 
process. Preliminary results of defect density varied by applied voltages are shown in Figure 5-1. 
We characterized the assembled structure by a confocal laser scanning microscope. The defect 
density in a confocal microscope image was computed by counting pixels with zero intensity after 
the image is binarized (Figure 5-1A-C). Figure 5-1D&E shows that the crystal structure assembled 
by 2.0V DC field has fewer defects than that by 3.0V. We also plotted defect density as a function 
of applied voltage in Figure 5-1F. These results suggest that the defect density in an assembled 
structure could be reduced by applying an optimal voltage. As a result, the structural color intensity 
would be increased by fabricating a high-quality assembled structure. 
In Chapter 3, we quantified the effects of irregularly sized particles on crystal quality and 




Figure 5-1. Relationship of defect densities of colloidal crystals and the applied voltages of DC 
electric fields. (A)-(C): computing process of defect density by image analysis; (D)-(E): 
comparison of defects of the assembled structure at 2.0 V and 3.0 V. The scale bar is 5 µm. (F) 
















sized particles were either smaller or larger than the base colloids of the assembled structures. By 
varying the amount of introduced irregular particles during the process of evaporative assembly, 
we fabricated colloidal crystals with different quality, which produced structural color with 
different reflectivity. Crystal quality was measured by the prominence of diffraction peaks in the 
FFT of SEM images and rendering images of simulated structures. Both experimental and 
simulation results showed that irregularly sized particles decreased the crystalline fraction of the 
assembled structures. Furthermore, irregularly sized particles in the colloidal structures caused 
degradation in structural color reflectivity, which was measured by spectrophotometry and 
simulated by the FDTD method. We also compared the effects of large and small irregular particles 
at fixed volume fractions. Small irregular particles created a more disordered structure and were 
more detrimental to structural color reflectivity. Our findings provide design rules for structural 
color by relating it to the underlying quality of colloidal crystals, which can be controlled by 
volume fraction and size of irregular particles. 
To extend this work, the introduced irregular particles could be different materials from 
base colloids in the assembled structures. Colloidal particles can be synthesized with different 
material functionality such as core-shell structure [3]–[5]. Core-shell particles include soft polymer 
shells and hard cores. Future work could characterize how the shells of core-shell particles interact 
and affect the assembly of base colloids. The introduced core-shell particles may potentially 
enhance the mechanical properties of crystal film [6]–[8]. By assembling particles above the 
melting point of shell materials, the shell would form a matrix and hard cores form the crystal 
structures embedded in the matrix. Thus, the produced crystal films could be flexible and tough 
with high mechanical strength. In addition, the refractive index contrast of particles and matrix 
would be changed after the addition of core-shell particles. Then structural color could also be 
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varied correspondingly based on a similar reflectivity calculation of multilayer materials, which 
depend on the  number of layers and refractive index contrast [9] : 
                                                                             (1) 
where  𝑛' and 𝑛+ are the refractive index of the originating medium and the terminating medium 
(substrate or backing); 𝑛* and 𝑛& are two alternating materials in each layer; N is the number of 
layers; R is reflectivity.  In addition, the effect of varying irregular particle size could be further 
investigated, since the present work addressed just one irregular size that was larger and another 
that was smaller. 
In Chapter 4, we characterized the particle anisotropy on the microstructure and structural 
color properties of assembled structures. After synthesizing discoids with different aspect ratios 
and sizes by uniaxial compression, we produced dense discoid packings by evaporative self-
assembly and measured their reflection spectra by spectrophotometry. Similarly, we produced 
discoid packings by Monte Carlo simulation and simulated their reflection spectra by FDTD 
simulation. The structural color reflection of a discoid structure could be described as the sum of 
a backscattering contribution in the short (blue) wavelength range and a multilayer reflection peak 
at a particular wavelength, typically in the red. By increasing discoid size (radius of major axis) at 
a fixed aspect ratio, the multilayer peak location was redshifted for a desired wavelength, which 
could be approximately predicted by Bragg’s law with the interlayer spacing of discoid packings. 
By decreasing the aspect ratio of discoid at a fixed particle size, the multilayer reflection peak 
could be suppressed. Thus, the structural color was only from backscattering. In addition, we found 
that structural color produced from discoid structures has a low angular dependence. This non-
iridescent structural color meets the needs for some applications such as coatings and displays, 
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which require color consistency over a wide range of viewing angles. These results demonstrated 
that two tunable geometries - size and aspect ratio – of anisotropic particles could extend the 
possibilities of creating a structural color of tailored hue in ways that expand the potential for color 
engineering. 
A challenge of anisotropic assembly is long-range crystallinity. Future work could explore 
more controllable methods to produce discoids crystals for high structural color intensity. Due to 
the kinetic effects inherent to the self-assembly process we used, anisotropic particles may be 
inhibited to reach an ordered state, and that was the case in the present study [10]. One possible 
approach would be to prefabricate a spherical crystal film first and then deform it into a discoid 
crystal film [11], [12]. We therefore propose that the following procedures could be used to 
combine evaporative assembly and discoid synthesis methods: polystyrene (PS) colloidal 
microspheres are first assembled into spherical crystals onto a glass substrate by the evaporative 
assembly. The crystal structure is locked using binding proteins such as streptavidin to cross-link 
neighboring particles. Then the spherical crystal would be infiltrated with an aqueous polyvinyl 
alcohol (PVA) solution. After water evaporated, a PS/PVA composite film would be obtained. 
Peeling off the film from the substrate may only take one layer of particles. To create a 3D 
structure, multiple composite films could be stacked together. The composite films would be 
pressed with heat above the glass transition temperatures of PS and PVA, and sphere particles in 
the films would be deformed into discoids. Discoid structures in the PVA matrix do not generate 
a strong structural color because the refractive contrast of PS and PVA is small, so the PVA matrix 
would need to be removed. By carefully dissolving the PVA matrix in the mixture of isopropyl 
alcohol and water, ordered discoid structures could be obtained, but they may be collapsed into 
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small crystals. After confirming their structural color properties, those discoid fragments would be 
of interest for applications involving structural color pigments. 
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